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Abstract
Abstract
A notable exception to the enhanced antimicrobial activity generally seen with combination 
treatments is the combined effect of reduced water activity (aw) and heat inactivation where it 
is generally held that heat resistance or survival of several bacteria including Salmonella 
increases as the aw is reduced. However, recent reports suggest that reduced aw might 
increase or decrease heat resistance.
Results of the present study showed that heating Salmonella Typhimurium at reduced aw 
(0.94) was protective at temperatures above 53-55°C but sensitising below this temperature. 
Using selective enumeration media to determine injury, it was shown that at lower heating 
temperatures (e.g. 50°C), cells survived at high aw with cytoplasmic membrane injury 
whereas at low aw these cells were killed. At higher temperatures (e.g. 60°C) ribosome 
degradation was a more important cause of death and was inhibited by low aw heating media 
thereby providing greater heat resistance. The time take for repair from injury varied with the 
different heating conditions and differed in the response to biosynthetic inhibitors such as 
azide, chloramphenicol and rifampicin.
A lower than optimal growth temperature decreased heat resistance, while a high growth 
temperature increased it at both aw values (0.99 and 0.94). The effect of growth temperature 
was generally more pronounced at high aw.
I
Abstract
Habituation of Salmonella cells at low aw had no effect or decreased their heat resistance 
depending on the length of habituation and the heating condition. D50 reductions were always 
larger when heating at high aw compared to low aw conditions, whereas the reverse occurred 
in D6o.
The observed effect of low aw on Salmonella heat resistance cannot be generalised to all 
other bacteria. Other members of Enterobacteriaceae tested responded similarly, but 
Pseudomonas aeruginosa and the Gram positives Staphylococcus aureus and Lactobacillus 
plantarum all showed greater heat resistance at low aw regardless of temperature. 
Interestingly, Enterococcus faecalis, an enteric Gram positive, behaved similarly to the 
Enterobacteriaceae. Listeria monocytogenes, however, showed the opposite behaviour at both 
temperatures (50°C and 60°C).
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Chapter 1 
General Introduction
1.1. Salmonella: The organism
1.1.1. General characteristics and taxonomy
The genus Salmonella belongs to the Enterobacteriaceae family. They are Gram negative 
non-sporeforming rods, usually motile by peritrichous flagella, facultatively anaerobic, 
catalase positive and oxidase negative (Leminor and Popoff 1987). Salmonellas are classified 
into two species (1) Salmonella enterica, which is divided into six subspecies: enterica, 
salamae, arizonae, diarizonae, houtenae and indica; and (2) S. bongori (Reeves et al. 1989; 
Popoff and Le Minor 1992). There are more than 2,463 serovars belonging to Salmonella 
enterica, compared with only 19 serovars under the bongori species (D'Aoust 1997; Brenner 
et al. 2000).
The Kauffman-White serotyping scheme is used to differentiate members of Salmonella 
genus based on their somatic (0), flagellar (H), and capsular (Vi) antigens. The most recent
1
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method to describe Salmonella spp. is to use the non-italicized serovar name following the 
species name. e.g.,. S. enterica subsp. Enterica ser. Typhimurium or, conveniently, S. 
Typhimurium. Most salmonellas grow at temperatures ranging from 5°C to 47°C, with 
optimum growth at 37°C. They are not generally heat resistant and can be easily destroyed by 
pasteurization (D’Aoust 2000). Salmonellas can grow over water activities ranging from 0.94 
to 0.99 and over a pH range 3.8- 9.5 with optimum growth at pH 7.0 (ICMSF 1996).
1.1.2. Incidence and epidemiology
Salmonella is one of the major food poisoning pathogens and has caused a large number of 
foodbome illness outbreaks. Probably the first laboratory confirmed outbreak of Salmonella 
infection was in 1888 when 58 individuals developed food poisoning symptoms following 
eating contaminated meat (Topley and Wilson 1929). The largest documented outbreaks of 
salmonellosis in America (and probably in the world) occurred in 1994 when approximately 
224,000 persons were infected. The outbreak was caused by consumption of contaminated 
ice cream produced from milk which was transported in tanker trucks which had been 
previously used to transport liquid eggs (Jay et al. 2005).
The total number of salmonellosis cases reported by the Ministry of Health in Saudi Arabia 
increased by 32 % between 2001 and 2002, when the total cases were 1927 and 2539, 
respectively. These numbers did not include cases hospitalized in private or military 
hospitals. Case numbers have declined since then. For example, in the period from April to 
June 2003, 2004 and 2005 the reported cases were 554, 438 and 354, respectively (M.O.H 
2003-2005). Most salmonellosis cases in 2002 were among the group age of 15-45 years
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(Figure 1.1). This may reflect lifestyle differences such as the greater tendency of individuals 
in this group to consume traditional fast foods that may be prepared under less hygienic 
conditions rather than differences in intrinsic susceptibility.
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Figure 1.1: Age groups distribution of reported salmonellosis in 2002 in Saudi Arabia.
(Adapted from the annual report of infectious diseases for 2002, MOH, Kingdom of Saudi Arabia)
An increasing pattern in the number of reported cases of Salmonella infections has been 
reported in England and Wales in 2003. Between January and October 2003, 10,188 
Salmonella infections were reported compared with 9,830 cases over the same period in 
2002(HPA 2003). This increase followed several years of decline (Figure 1.2).
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Figure 1.2: Salmonella infection cases in humans. England and Wales 1993-2002. 
Adapted from (CIEH 2003)
Many of the cases of foodbome illness caused by Salmonella are attributed to Salmonella ser. 
Typhimurium. The emergence of a multidrug resistant strain, designated DTI04, has 
complicated the problem of infection with this serovar (WHO 1997). This strain was first 
identified in 1970 in Canada (Hogue et al 1997), but it continues to pose increased concern 
due to its multiple antimicrobial resistance against ampicillin, chloramphenicol, 
streptomycin, sulphonamides and tetracycline (Threlfall et al. 1996; Jay et al 2005). In a 
study of 83 Salmonella Typhimurium DTI04 infection cases in the United Kingdom, 41% of 
patients were hospitalized and 3% died (Hogue et al 1997).
4
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1.1.3. Habitat and possible routes of infection
The primary habitat of Salmonella is the intestine of warm-blooded animals, including food 
animals, birds, rodents, and pets, but it is also common in reptiles and insects. The serovar 
Salmonella Typhimurium was first isolated in the U.K. from cattle but was later recovered 
from poultry, sheep, pigs, and horses (WHO 1997).
Salmonellosis in humans is mainly associated with the consumption of contaminated, raw or 
undercooked food of animal origin such as meat, poultry, eggs and milk (WHO 1997). A 
wide variety of foods have been reported to be involved in outbreaks of Salmonella. D'Aoust 
(2000) has reported that, worldwide, the main vehicles of the major foodbome outbreaks of 
human salmonellosis between 1984 and 1994 were alfalfa sprouts, ice cream, goats’ cheese 
(raw), paprika chips, mayonnaise, cantaloupes, prosciuttino ham, cooked eggs, chocolate, 
beverage (egg), pasteurized milk (16,284 cases in a single outbreak) and cheddar cheese.
Despite the fact that most outbreaks have resulted from the consumption of contaminated 
meat, eggs, or dairy products, a large number of international outbreaks have been associated 
with low water activity foods such as snacks and chocolate (Greenwood and Hooper 1983; 
Anonymous 1995). Foods with higher fat contents were also found to be associated with 
increased levels of infection risk (Hanes et al. 2003).
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1.1.4. Disease caused by Salmonella
Depending on their adaptation to human and animals hosts, Salmonella serovars can be 
classified in three main groups; Group 1 causing enteric fever only in humans and in higher 
primates, e.g. Salmonella Typhi, Group 2 causing disease in specific animals and rarely in 
humans, but may lead to life-threatening human diseases, e.g. S. Dublin in cattle and S. 
Cholerae-suis in pigs, and Group 3 causing gastroenteritis which is usually mild and self- 
limiting, e.g. S. Typhimurium (WHO 1997).
The typical symptoms of gastrointestinal salmonellosis are headache, chills, vomiting and 
diarrhoea (Bell and Kyriakides 2002) . Dehydration may occur and become severe and life 
threatening, especially in the very young and in the elderly (WHO 1997). The infectious dose 
of Salmonella is generally high, around 106 cells, but this depends on different factors 
including the susceptibility of the person, the nature of transmitting foods and the virulence 
of the serotype (Hensel 2000). Low infective doses (50 to 100 organisms compared with oral 
ID of approximately 105) have been reported with fatty foods or those rich in proteins such as 
ground beef or egg white where these ingredients thought to have protected Salmonella from 
stomach acidity (Ahmed et al. 1995; Waterman and Small 1998). Symptoms usually emerge 
when the endotoxins are released after the organism penetrates epithelia cells of villi entering 
the connective tissue of the small intestine (Galan 1998). Salmonella Typhimurium is found 
to be a useful model for experimental trials since it causes illness similar to human typhoid 
fever in mice (Hensel 2000).
6
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1.1.5. Detection of Salmonella spp.
Detection of Salmonella spp. can be achieved by either conventional cultural methods (CCM) 
(Figure 1.3) or alternative (rapid) methods. The conventional cultural techniques are 
recommended by most international agencies and the food industry (Bell and Kyriakides 
2002). These techniques involve different stages starting with pre-enrichment in a non- 
selective medium to resuscitate any injured or stressed cells. This is followed by selective 
enrichment in a broth that is inhibitory to competing organisms. This is then spread on to 
selective, differential media, from which suspect colonies of Salmonella are further examined 
for their physiological and serological characteristics.
The relative complexity and the fact that they take at least 3 days for negative results limits 
the usefulness of conventional methods, especially for perishable ready to eat foods that need 
a quick test before releasing to markets. Consequently, a number of rapid kits are available 
commercially (Bell and Kyriakides 2002).
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Pre-enrichment 
Inoculate pre-enrichment medium, 
e.g. buffered peptone water 
(1 part test portion + 9 parts medium) 
incubate 35C 37“C/16-20 h
fl
Selective enrichment 
Sub-culture to 2 selective enrichment broths, 
e.g. Selenite-Cystine (SC) broth (1+9), 
Rappaport-Vassiliadis (RV) broth (1 + 100)
Incubate SC 37 ''C/24 h + 24 h 
RV42 "C/24 h + (if necessary) 24hI
Selective plating
Streak at each 24 h selective enrichment stage onto 2 selective agar, 
e.g. Brilliant Green Agar (modified), Hektoen Enteric Agar, XLD 
Incubate 35 "Cor 37 "C/20-24 h andfurther 18-24 h if  necessary
■ I
Inspect plates fo r the presence o f characteristic colonies and 
any primary biochemical reactions
Confirmation of suspect colonies 
Purify suspected colonies on Nutrient Agar 
Incubate 35 "C or 37 "C/18-24 h
Jt
Serology using ‘O’ & ‘H ’ antisera 
Inoculate media or test strips to obtain biochemical profile
Incubate according to the manufacturer's instructions, 
usually 35 "C or 37 "C/18-24 h
Read reactions
Figure 1.3: Conventional method for the isolation of Salmonella spp.
Adapted from :(Bell and Kyriakides 2002).
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1.1.6. Control o f Salmonella spp. in Foods:
There are three essential strategies to control Salmonella in food:
(1). Prevent their access to food
(2). Prevent their growth in food
(3). Inactivate them in food
Since microorganisms are widespread in the environment, it is almost impossible for many 
raw foods to be produced free from Salmonella or other harmful microorganisms (Bell and 
Kyriakides 2002). Alternatively, attention has been focused on developing methods that 
minimize microorganisms in raw foods and limit their access and growth in processed foods. 
Nevertheless, it is vitally important for food processors to produce and use raw materials of 
high initial microbiological quality. Good hygienic procedures have to be adopted throughout 
the food production chain from processing to kitchens and food service establishments. It is 
also important to avoid the unnecessary usage of antibiotics for treating food animals 
combined with the application of good husbandry and abattoir practices (WHO 1997).
A number of environmental factors have been identified as important influences on the 
capacity of microorganisms to grow or survive in foods. These have been classified as 
intrinsic factors (properties of the food matrix) or extrinsic factors (properties of the storage 
environment) (Table 1.1).
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Table 1.1: Factors affecting microbial growth in food
Intrinsic factors
• Water activity (aw)
• pH
• Oxidation-reduction potential
• Antimicrobial constituents
• Nutrient content
• Biological structures
Extrinsic factors
• Relative humidity
• Storage temperature
• Aerobiosis and gaseous environment
• Competitive microorganisms
Adapted from: Adams and Moss (2000)
The numerous methods for processing or treating foods to ensure their safety depend on the 
adjustment of one or more intrinsic or extrinsic factors to achieve microbial inhibition or 
inactivation. A number of major methods of food preservation are listed in Table 1.2.
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Table 1.2: Major controlling factors of Salmonella in food and their possible application
Controlling factor Application method
Inhibition methods
Low aw Drying
Salting
Adding sugars
pH Fermentation (lactic acid bacteria)
Addition of acidulents (e.g., acetic acid in vinegar)
Aerobiosis Vacuum and nitrogen packing
Chemical preservatives Adition of preservatives (e.g., benzoate) 
Addition of antimicrobials (e.g., nisin)
Low temperatures Cooling
Freezing
Inactivation methods
Heating Pasteurization
Appertization
Ionising irradiation Radurization
Radicidation
Radappertization
High pressure High hydrostatic pressure 
Pascalization
Adapted from: Gould (1989)
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1.2. Heat stress, osmotic stress and Salmonella
Of the various techniques for preserving foods the use of reduced water activity and heat 
processing are among the most important. It is believed that early methods for preserving 
foods depended on reduction of water activity through different approaches such as solar 
drying and salting (Adams and Moss 2000). The beneficial effects resulting from cooking 
foods were doubtless also an early discovery although the systematic commercial use of heat 
to preserve food was largely a 19th Century development. Reduction of water availability in 
food (osmotic stress) and heat treatments (heat stress) continue to play a major role in 
controlling undesirable food microorganisms (Jay et al 2005).
1.2.1. Heat stress
The application of high temperatures has been widely used for the elimination/ inactivation 
of foodbome pathogens and thus food preservation. This is due to the effectiveness of heat 
and its ability to cause damage to different structures and components in microbial cells 
including the outer membrane, cytoplasmic membrane, RNA and DNA. It also causes protein 
denaturation leading to destruction of enzyme activity and enzyme-controlled metabolism in 
microorganisms (Ray 1979; Mackey etal. 1991).
Different techniques employing high temperature are adopted in food industry. Pasteurization 
and Appertization (commercial sterilization) are the most widely applied. The term 
Pasteurization refers to heating foods at temperatures less than 100°C (Fellows 2000), which 
ensures the destruction of all vegetative disease-producing microorganisms along with a 
reduction of spoilage microorganisms. Appertization refers to the application of temperatures
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higher than 100°C which destroy most organisms including spores. Any survivors would be 
non-pathogenic organisms incapable of growth in the product under normal conditions of 
storage (Adams and Moss 2000).
1.2.1.1 Response and adaptation to heat stress
These heat treatments are relatively severe and cannot be resisted by vegetative 
microorganisms. However, on brief exposure to moderately high temperatures (up to 50°C- 
55°C), heat stressed cells express adaptative mechanisms that may enable them to survive or 
even continue growth during heat stress. To develop such mechanisms, bacteria sense stress 
and produce signals that induce the development of a response that aids adaptation (Figure 
1.4) (El-Sharoud 2002; Neidhardt 2002). The adaptation of cells to the emergent change in 
environmental temperature represses further flow of this cascade.
Different structures and components have been suggested to be involved in microbial sensing 
of heat stress. These include cytoplasmic membrane, ribosomes and extracellular alarmones. 
Because of its location between the cell’s interior and surrounding environment, cytoplasmic 
membrane components are suggested to act as the sensor to various environmental stresses 
including thermal stress (Nishiyama et al 1999; El-Sharoud 2004b). This process involves 
the two-component signal transduction system which acts to sense environmental changes 
and transfer a signal to the cytoplasm leading to the induction or repression of the expression 
of certain genes whose protein products are involved in adaptation during heat stress 
(Rowbury 2002; El-Sharoud 2004b). This system depends on a series of phosphorylation 
and dephosphorylation reactions. Membrane-based sensing mechanisms in Salmonella
13
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Typhimurium and E. coli might involve transmembrane methyl-accepting chemotaxis 
proteins (MCPs) which are suggested to mediate attractant response upon temperature up 
shift. (Nara et al. 1996; Nishiyama et al. 1999).
Negative
feedback
regulation
Stress
Sensor
Response
JJ
Adaptation
Figure 1.4: General flow of environmental stress response in bacteria.
Adapted from: El-Sharoud (2002)
Ribosomes have been also proposed to sense up and down shifts in temperature. This was 
based on the observation that the synthesis of heat shock proteins was induced on treating 
cells of Escherichia coli with antibiotics known to target ribosomes (Van Bogelen and 
Neidhardt 1990; Rowbury 2002). The expression of heat shock proteins is induced on 
exposure to heat stress as they act to prevent or reduce protein denaturation (see below).
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An interesting concept has been also proposed on sensing environmental stresses including 
heat. It is that cells produce extracellular proteins to sense stress and act as “alarmones” of 
the emergent environmental changes (Rowbury 2002). The production of these extracellular 
components are suggested to provide early warning of stress compared to the cytoplasmic 
membrane and ribosomes.
On sensing heat stress and developing a signal, cells synthesise mechanisms to cope with the 
emergent hardship. These mechanisms involve modifications of gene expression and protein 
activities aiming at preventing or reducing damage to cellular structures and components. An 
important change is the induction of the synthesis of the so-called “heat shock proteins” 
(HSPs) (Bardwell and Craig 1984). These are highly conserved proteins that act as molecular 
chaperones or proteases affecting protein folding, repair and degradation under normal and 
stress conditions (Yura et al. 2000). Several HSPs such as DnaJ, DnaK, GrpE and GroEL 
function as chaperones preventing or repairing protein misfolding and thus ensuring their 
proper functioning. Whereas, other HSPs including ClpP, ClpX and Lon act as proteases 
catalyzing the degradation of misfolded proteins generated by exposure to stress. Both 
functions of HSPs help to provide cells with functional proteins which aid survival or growth 
during heat stress. In a study on heat shock proteins synthesis and heat resistance of S. 
Typhimurium Mackey and Derrick (1990) found four important heat shock proteins with 
molecular weights ranging from 25 to 83 KDa and correlated them with DanK and GroEL 
reported in E. coli. The chaperone GroEL was found to reduce heat inactivation of a range of 
enzymes in vitro (Mendoza et al 1996).
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The major change in bacterial cells following heat stress is the initial activity of the 
alternative sigma factor RpoH. The amount of RpoH increases rapidly (within a few seconds) 
following exposure to high temperatures, and falls sharply after 5 minutes (Rowbury 2002). 
Proteins that are induced by heat shock, e.g. HSPs have promoters with different sequences 
and RNA polymerase requires the alternative sigma factor RpoH (a32) to recognize them 
(Yura et al. 2000; Yousef and Courtney 2002). Concentration of this sigma factor is low at 
steady state conditions in the cell (Craig and Gross 1991), but increases rapidly upon 
temperature up shift (Yura et al 1993), suggesting that the amount of this alternative sigma 
factor regulates the heat shock response (Yura et al 2000; Russell 2003). Moreover, the 
reduction in this sigma factor is responsible for the shut off of the heat response (Arsene et 
al 2000).
The cell membrane has also been reported to be involved in heat resistance by changing its 
fluidity in response to mild heat treatment. The observed change of fluidity was attributed to 
the increase of saturation level and the length of membrane fatty acids (Juneja and Novak 
2002).
At elevated temperatures, where cells lose their capacity to resist, different structural and 
functional components could be a site of injury (Figure 1.5). This injury can be described as 
either structural or metabolic damage and is characterized by increased sensitivity to different 
chemical compounds in recovery media (Brashears et al 2001).
16
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Leakage ofIC  material
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Ribosomes + 
ribosomal RNA
HEAT-SHOCK
PROTEIN
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Breakdown
Protein
DNA Strand 
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(Direct and 
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Figure 1.5: Injury in non-spore forming bacteria exposed to heat stress. Damage to and 
responses in a Gram-negative cell. EC, extracellular; IC, intracellular; OM, outer 
membrane; PS, periplasmic space (preiplasm); PTG, peptidoglycan; CM, cytoplasmic 
membrane.
Adapted from: Russell (2003)
The outer membrane, the cytoplasmic membrane, key enzymes, RNA, ribosomes, DNA and 
proteins have all been suggested as possible sites of heat injury (Ray 1979; Mackey et al. 
1991; Abee and Wouters 1999; Adams and Moss 2000). In particular, the outer membrane is 
reported to be a prime site for injury in heat treated Salmonella (Boziaris et a l  1998).
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Cytoplasmic membrane alterations are also known to occur in heat injured cells (Tomlins and 
Ordal 1976). However, metabolic damage is presumed to be less important in thermal injury, 
particularly in S. Typhimurium (Tomlins and Ordal 1976).
Heat induced injury in ribosomes was also reported and indicated by the destruction of the 
30S ribosomal subunit (Figure 1.6) in stressed S. Typhimurium and Staphylococcus aureus 
(Hurst 1977). Magnesium ions (Mg2+) are required for the integrity of ribosomes and inhibit 
a ribonuclease whose activity, rather than heat itself, may be responsible for ribosomal 
damage (Hurst 1977). Loss of Mg2+ ions is suggested to be an indication for loss of viability 
in heat stressed bacteria (Strange 1964).
30S subunit
50S subunit
16S rRNA 
+ Proteins
23S rRNA 
+ 5S rRNA 
+ Proteins
70S
Figure 1.6: Structure of the functional ribosomal unit 70S.
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Rowbury (2002) has stated that damage to DNA is probably the most lethal event in thermal 
inactivation. Single strand breaks were reported in heat treated S. Typhimurium and other 
microorganisms. Similar to the proposed mechanism for ribosomal destruction, the single 
strand breaks in DNA are the consequence of enzyme (nuclease) activity rather than a direct 
effect of heating (Hurst 1977). Addition of NaCl (lowering aw) markedly protected DNA 
against loss of biological activity after heating at 121°C for 15 minutes (Masters et al 1998). 
Involvement of DNA in inactivation of E. coli has been reported at mild heat temperatures 
(Bridges et al. 1969), whereas protein damage could be more important at elevated 
temperatures (Russell 2003).
I.2.I.2. Thermal inactivation kinetics
Thermal inactivation kinetics in bacteria are quite complex (Lambert 2003). The most 
commonly used model of microbial thermal death assumes that death follows the kinetics of 
a first-order reaction (mechanistic), where death of each bacterial cell results from the 
inactivation of a single target molecule or site in the cell. This occurs when the energy of 
surrounding reactant molecules possess enough energy to inactivate the target molecule as 
the temperature is raised, and at each given moment there is an equal probability of 
inactivation of this molecule or site. Hence, the death rate is highest when the population of 
bacteria is highest at the start of heating (Stumbo 1973; Tomlins and Ordal 1976; Gould 
1989; Moore and Madden 2000). Based on this model a plot of log survivors against heating 
time should give a straight line.
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Figure 1.7: Determination of the D value using death rate curve
A parameter which describes an organism’s heat resistance derived from this model is the D- 
value (Decimal Reduction Time) (Figure 1.7). This is defined as the time required for the 
numbers o f viable organisms to be reduced by one log cycle (90%) at a particular 
temperature. A D value can be estimated by calculating the reciprocal of the slope obtained 
from plotting the logio of survivors against time, or using the following equation:
D =  .......... (Eqn. 1.1)
log A', -  log N2
Where JVj is the number of survivors at time t\, and N2 is the number of survivors at time t2
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Another important parameter is the Z value (reciprocal of the D value) which describes how 
the thermal death rate varies with temperature. It is defined as the temperature change 
which results in a tenfold (1 log) change in D value (Adams and Moss 2000) (Figure 1.8)
Z =  2^—5 .......  ............................... (Eqn. 1.2)
log D, -  log i)2
Where Dj and D2 are the decimal reduction times at temperatures 7/ and T2 respectively.
<1>
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1 Log
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O)o—I
Z value
Heat temperature (T)
Figure 1.8: Determination of Z value.
It is important to realise that the first-order death kinetics model does not account for 
sublethally injured cells as it considers cells as either dead or alive. Therefore, more complex
21
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multiple-site theories accommodating the sublethal injury phenomenon are needed (Moore 
and Madden 2000).
Deviations from logarithmic thermal inactivation kinetics have been reported in a number of 
studies (Allwood and Russell 1970; Stumbo 1973; Humpheson et al 1998). Two main forms 
of these deviations have been observed. The first is shouldering where the highest heat 
resistance occurred early during heating; the second is tailing where two death rates or an 
increase in decimal reduction time occur during heating (Gould 1989).
Allwood and Russell (1970) suggested that inherent phenotypic variation within the same 
population is reflected in the survival pattern. Based on this approach, deviations might 
reflect therefore variation in heat resistance of that population (Gould 1989). Researchers 
have argued against the phenotypic variation hypothesis based on the observation when the 
tail survivors are re-grown they display similar death kinetics (Moats et al 1971). Metrick et 
al (1989) reported that when a tail population that occurs following high pressure treatment 
was isolated, grown and re-exposed to the pressure again they show a similar resistance 
pattern to the original culture. The same behaviour was seen by Humpheson et al (1998) 
with heat treated populations who argued that regrowth of the tail survivors regenerated the 
original cell population, with a range of heat resistance. Tailing has been attributed to heat 
adaptation (Han et al 1976), and was found to be more pronounced with high pressure 
processing than in heat processing (Patterson 2005).
The occurrence of shoulders has been attributed to the clumping of the cells resulting from 
high concentration inocula (Stumbo 1973), the possible poor heat transfer at an early stage of
22
Chapter 1 General Introduction
heat treatment and the accumulation of cellular injury before cell death (Juneja and Novak 
2005). In all cases the destruction rate would be predicted to increase with the exposure time 
(Peleg 2000). However, both phenomena are commonly detected beyond 5 log reduction.
Because of differences in sensitivity in a population to the inactivation process, a log linear 
inactivation may not always be observed. Guan et al. (2005) concluded that high pressure 
inactivation of Salmonella Typhimurium in UHT milk could not be described accurately 
using first order kinetics. Other mathematical approaches to describe inactivation kinetics 
which account for this have been suggested. A Log-logistic approach known as the 
‘vitalistic’ model was introduced by Cole et al (1993). It suggests that within a genetically 
homologous population, phenotypic variation exists such that resistance to a lethal treatment 
is not uniformly distributed (Gould 1989).
Baranyi et al. (1996) have suggested a mirror image of the growth curve to describe heat 
inactivation. Smelt et al. (2002) have suggested a critical sites model based on Moats et al. 
(1971) concept that a large number of the same critical site (or different critical sites) need to 
be inactivated before the cell dies.
Despite the above reservations on the log linear heat inactivation approach, it is still widely 
applied, at least in the food industry. This is probably because of its excellent safety record 
over the last 80 years (Smelt et al. 2002) or the reservation that any change in such a 
traditional and widely used system may lead to relaxation of safety standards, or could be 
too complex to be implemented effectively (Peleg et al. 2005). However, there is still a
23
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debate between researchers supporting the linear approach and those favouring the vitalistic 
one (Lambert 2003).
I.2.I.3. Factors affecting heat inactivation
There are a number of factors that affect the heat resistance of microorganisms including the 
type of organism, culturing conditions, growth phase and heat challenge conditions (Baird- 
Parker etal. 1970; Gibson 1973; Fellows 2000).
The effect of organism type is shown by the basic observation that heat resistance inherently 
differs from one microorganism to another (Gibson 1973; Fellows 2000). Different strains of 
the same species may also vary markedly in their heat resistance. Humphrey et al. (1995) 
have even reported that S. enteritidis PT4 isolated from clinical sources showed greater 
resistance to heat and other stresses than non-clinical isolates.
Secondly, a variety of environmental (incubation) conditions during growth are proven to 
affect bacterial resistance to subsequent heat treatment. Different aspects of these conditions 
have been explored by many researchers. Cultures grown at a higher than optimal 
temperature exhibited greater heat resistance (Dega et al 1972; Periago et al. 2002; Martinez 
and Bernardo 2003). Also, habituation of a Salmonella culture at reduced water activity (aw 
0.95) for 12 h prior to heat challenge at 54°C increased heat resistance more than fourfold 
(Mattick et al 2000b). In another study, exposure of S. Typhimurium to mildly acidic 
conditions (pH 5.8) for one to two cell doublings was reported to increase the cells’ 
resistance towards various stresses including heat treatment (Leyer and Johnson 1993).
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Despite some dispute between results of different studies on heat resistance of bacteria 
throughout growth, cells in stationary phase are generally reported to exhibit more heat 
resistance than cells in exponential phase. Increased resistance in stationary phase has also 
been observed with osmotic and cold shock as well (Foster and Spector 1995; Yousef and 
Courtney 2002; Martinez and Bernardo 2003).
Increased resistance during stationary phase is frequently attributed to the induced expression 
of the alternative sigma factor RpoS during entry into the stationary phase. It is shown that 
RpoS binds to RNA polymerase and directs its recognition of genes involved in stress 
response (Hengge-Aronis 2002). RpoS has been identified in a number of Gram-negative 
bacteria including Salmonella and is produced throughout growth but is rapidly degraded in 
exponential phase cells. It accumulates early in stationary phase and also, in response to 
environmental stresses such as heat stress, osmotic pressure, competitive microflora, low 
redox potential and low pH resulting in enhanced bacterial resistance to a number of 
environmental stresses (Foster and Spector 1995; Aldsworth et al. 1998a; Komitopoulou et 
al. 2004; Dodd 2005). In contrast, Campylobacter jejuni, not a member of the 
Enterobacteriaceae, stress resistance has been found to decrease in stationary phase, possibly, 
due to the absence of RpoS homologues as reported in the genome sequence of this species 
(Kelly et al. 2001).
The fourth critical factor reported to influence heat inactivation is the physical and chemical 
composition of the heating medium such as aw and pH. It is generally believed that a higher
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content of fat (Fain et al. 1991) and proteins (Fellows 2000) in the heating media/ foods may 
provide pathogens with protection against heat.
It is frequently reported that the heat resistance of bacterial cells increases with the decrease 
in the aw of the heating medium (Riemann 1968; Baird-Parker et al. 1970; Corry 1974; 
Skinner and Hugo 1976; Blackburn et al. 1997; Christian 2000; Mattick et al. 2001). Corry 
(1974) suggested that the lethality of a heat treatment could be predicted if the aw of the 
heating medium was predetermined. A population of S. Typhimurium is reduced tenfold in 
0.18 min at 60°C if the aw of the heating medium is 0.995. but, if the aw is lowered to 0.94, up 
to 4.3 min are required to cause the same reduction at the same temperature (FDA 1992). 
However, other reports have shown that resistance increases at intermediate aw and decreases 
at lower aw (< 0.75s) (Gibson 1973; Hsieh et al. 1975; Mattick et al. 2001). This issue is 
investigated in the present thesis.
Similarly, higher than optimal pH conditions (around 7.0) are found to enhance thermal 
sensitivity of salmonellas whereas low pH (acidic) conditions increase thermal resistance 
(Doyle and Mazzotta 2000). Blackburn et al. (1997) found that the optimum survival of heat 
treated S. Enteritidis occurred between pH 5 -  7. The effect differed with the acid used to 
acidify media. At the same concentration and pH, the heat resistance of S. Enteritidis induced 
was found to increase in the order acetic < hydrochloric < lactic < citric acid (Blackburn et 
al. 1997).
The results of bacterial heat resistance could be affected by the recovery conditions used to 
assess cell survival following heat challenge. After applying heat to a microbial population,
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some cells are sub-lethally (reversibly) injured. Injured cells may become sensitive to 
selective agents and may require specific compounds for repair and subsequent growth 
(Ramalho et al. 2002). Successful detection of heat injured cells is influenced by the way in 
which these cells are recovered. Incubation under anaerobic conditions may enhance survival 
of heat injured cells (Blackburn et al. 1997; Humpheson 1997). Moreover, non-selective 
media have also reported to afford increased recovery of injured cells (Boziaris et al 1998; 
McCarthy et al. 1998). Sensitivity of sub-lethally injured cells to specific selective agents in 
recovery media has been used to determine the percentages of injured and uninjured cells 
among the survivors of a sub-lethal treatment (Ray 1979). Sensitivity to different selective 
agents can also sometimes indicate the site of injury. For instance, increasing sensitivity of 
injured Salmonella cells to deoxycholate in XLD agar is used to determine the damage of the 
outer membrane of these cells (Vaara 1992; Boziaris et al. 1998) and bacterial cells with 
damaged cytoplasmic membranes are sensitive to sodium chloride in the recovery medium 
(Hurst and Hughes 1981; Chilton et al 2001). In relation to the microbiological examination 
of foods, it is critically important to use an appropriate procedure that ensure detecting 
injured and uninjured cells since both could result in risk to the consumer (Adams 2005).
1.2.2. Reduction of Water Activity (Osmotic Stress)
The internal osmotic pressure of a bacterial cell is normally kept higher than that of the 
surrounding medium (Abee and Wouters 1999; Wood et al 2001), and this is usually 
referred to as “turgor pressure”. To maintain this turgor pressure in a medium with a high 
concentration of solutes and to relieve the osmotic stress resulting from low water 
availability, microbial cells tend to increase their internal cytoplasmic solute concentration
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through different mechanisms (Csonka 1989). Water availability in a food environment is 
usually assessed by measuring the water activity (aw). Table 1.3 shows some typical aw 
values of selected food categories. Reducing the amount of water available for microbial 
growth by the addition of salt, sugars, drying or freezing is a very important controlling 
factor and has long been employed in food preservation.
Water activity is thought to be the most influential environmental factor affecting bacterial 
heat resistance (Manas and Pagan 2005). A protective effect of reduced aw has been reported 
with heat treatment (Mattick et al 2001), irradiation (Van Gerwen et al 1999) and ultrasonic 
waves under pressure (monosonication) (Pagan et al 1999)
I.2.2.I. Concept of water activity
Water activity (aw) is defined as the ratio o f the water vapour pressure o f the food or solution 
to that o f pure water at the same temperature. It indicates the amount of water available in a 
material for microbial growth. The values of water activity are represented in a scale range 
between 0 (no available water) and 1 (pure water). While most bacteria show rapid growth at 
high aw (0.99), microbial growth does not occur at aw below 0.6 (Corry 1972).
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Table 1.3: Approximate aw values of selected food categories.
Food ~ aw
Fish meat, poultry 0.99-1.00
Natural cheeses 0.95-1.00
Pudding 0.97-0.99
Eggs 0.97
Cured meat 0.87-0.95
Fresh fruits, vegetables 0.97
Bread 0.96
Baked cake 0.90-0.94
Jerky 0.85
Maple syrup 0.85
Jellies 0.82-0.94
Dried fruits 0.55-0.80
Sources: Banwart (1979; FDA (1986); CDC (1995).
However, there are microorganisms that are able to grow at low aw levels and these are 
classified into three groups (Scott 1957):
(i) halotolerant: microorganism that grow in strong sodium chloride solutions.
(ii) osmotolerant: microorganism that grow in high concentration of unionized 
organic solutes, e.g. sugars
(iii) xerotolerant: microorganism that grow at low aw.
The vast majority of food spoilage bacteria and fungi do not grow at aw less than 0.90, and 
0.70 respectively, and spoilage of foods with an aw below 0.6 would not be due to
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microorganisms but to other factors such as oxidation (Scott 1957; Fontana 1998). Table 1.4 
shows the ranges of aw for different bacteria that frequently associated with food poisoning 
outbreaks.
Table 1.4: Approximate aw values for growth of selected pathogens in food.
Organism Minimum Optimum Maximum
Campylobacter spp. 0.98
Shigella spp. 0.97
Salmonella spp. 0.94 0.99 >0.99
Vibrio parahaemolyticus 0.94 0.98 0.99
Bacillus spp. 0.93
Listeria monocytogenes 0.92
Clostridium perfringens 0.943 0.95-0.96 0.97
Source: ICMSF (1996).
Although microorganisms will not grow in foods with water activities below the minimum, 
they may survive for long periods (a year or more in soil) and still therefore pose a food 
safety risk (IDPH 2006). This is indicated by a number of Salmonella outbreaks associated 
with dried foods including milk powder (Reamer et ah 1969), aniseed-containing herbal tea, 
animal feed, peanut-flavored snack and cereal products (Koch and Others 2005)
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1.2.2.2. Measurement and adjustment of the water activity
Based on its definition, aw is equal to equilibrium relative humidity (ERH):
P ERH 1 y*aw = —  = ........  ........................ (Eqn. 1.3)
Po 100
Where P is the partial pressure of water in the atmosphere in equilibrium with the substrate, 
and P o is the partial pressure of atmosphere in equilibrium with pure water.
Combining this equation with Raoult’s law that:
P a = X a P Ao  (Eqn. 1.4)
Where PA is the partial vapour pressure of A above a solution, XA is the mole fraction of the 
solvent A, and PAo is the vapour pressure of pure liquid A at the same temperature resulted 
in:
3-w — X-water.........................................(Eqn. 1.5)
Based on this and for ideal solute in aqueous solution, the water activity can be calculated 
using Equation 1.6:
Naw =  i—  .............................(Eqn. 1.6)
Nx+N2 v *
Where Ny= moles of the solvent, Ni -  moles of the solute (Beuchat 1974; Adams and Moss 
2000).
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Water activity can also be measured instrumentally. The two main types of commercially 
available instruments use either the dew point principle involving the detection of 
condensation on a mirror during cooling-heating cycles, or the equilibrium relative humidity 
using sensors that change their electrical resistance or capacitance in response to relative 
humidity (Fontana 1998).
Different solutes have been used experimentally to adjust water activity including sodium 
chloride (NaCl), potassium chloride (KC1), glucose, sucrose, glycerol, glucose-fructose 
mixtures and propylene glycol (Beuchat 1974; Corry 1974; Mattick et al. 2001). Ionic salts 
such as NaCl reduce the water activity more effectively than non-ionic compounds such as 
sucrose on a molar basis since they dissociate into ions in solution (Adams and Moss 2000).
Solute types used to adjust water activity also vary in their effect on the heat sensitivity of the 
organism (Christian 2000; Mattick et al. 2001; Molina-Hoppner et al. 2004). D65 values of 
different strains of Salmonella spp. at a specific aw (or percentage (w/w) solute concentration) 
were found to decrease in the order sucrose > glucose > sorbitol > fructose > glycerol (Corry 
1974). Another study found that the extent of protection afforded using NaCl as humectant 
was significantly lower than glucose-fructose and much lower than sucrose (Mattick et al. 
2001). Glycerol causes little or no plasmolysis, presumably because it can readily penetrate 
the cell membrane to the cytoplasm, and this may account for its weakness as humectant 
compared to sucrose that is unable to pass through cell membrane and causes severe 
plasmolysis (Corry 1974).
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I.2.2.3. Response and adaptation to osmotic stress
Similar to heat stress, several osmosensors are known to be involved in osmotic stress 
induced responses (Rowbury 2002). A number of these osmosensors and their function are 
listed in Table 1.5.
Table 1.5: Function of different osmoregulators in bacteria.
Osmosensor Function
KdpD Uptake of K+
BetP Uptake of glycine betaine
EnvZ Regulation of expression of outer membrane porins C and F
OpuA Uptake of glycine betaine
ProP Uptake of proline
Source: Poolman et al. (2002); Rowbury (2002).
As mentioned previously, the solute concentration of the bacterial cytoplasm is normally 
maintained above that of the external environment. However, immediately, after an osmotic 
up-shift (decrease in aw) in the environment, bacterial cells respond by activation of 
transporters that help the cell increase the internal solute concentration by either uptake of 
inorganic ions into the cell or synthesis and concentration of certain organic solutes to 
counter the osmotic stress (Csonka et al. 1994; White 1995; Poolman et al. 2002). Under 
mild osmotic stress, only the ionic solutes are accumulated, whereas other compatible solutes 
become gradually more important on exposure to severe osmotic stress (McLaggan et al. 
1994).
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Importantly, accumulated solutes must not interfere with biochemical processes within the 
cell and they are thus termed "compatible" solutes (Csonka 1989; Abee and Wouters 1999). 
Potassium ions (K+), glutamate (as ionic solutes), glycine betaine, trehalose and proline (as 
non ionic solutes) are the important compatible solutes accumulated by bacterial cells 
(Csonka et al. 1994; McLaggan et al 1994; Samelis and Sofos 2002).
Members of Enterobactereaceae family are reported to synthesis glutamate and trehalose, 
whereas K+, glycine betaine and proline are taken up from the medium (Csonka et al. 1994). 
The maximum amount of compatible solute(s) that can be accumulated depends on genetic 
characteristics of that organism (Madigan et al. 2003).
Accumulation of K+ during osmotic stress is the initial response, which is then accompanied 
by increased synthesis of glutamate to maintain electroneutrality in the cytoplasm. This is 
followed by the accumulation of other compatible solutes such as glycine betaine, proline 
and trehalose (McLaggan et al. 1994; Poolman et al. 2002; Samelis and Sofos 2002). The 
accumulation of the latter molecules was found to affect that of the initially accumulated 
compatible solutes since the increased levels of trehalose were associated with decreased 
accumulation of K+ and glutamate (McLaggan et al 1994). The above mechanism of solute 
accumulation appears to be affected by environmental temperature as it was reported that 
trehalose accumulation was enhanced at high temperatures (45°C) in Salmonella 
Typhimurium (Canovas et al 2001).
The changes in compatible solutes concentrations in E. coli upon exposure to low aw medium 
are shown in Figure 1.9.
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Figure 1.9: Compatible solute changes in E. coli when exposed to low aw.
Source: White (1995)
1.2.3. Stress adaptation and cross protection to other stresses
Adaptation of bacterial cells to a certain stress is often associated with increased protection 
against other subsequent stresses in what is called “cross protection” (Johnson 2002). This 
has important consequences on estimating food safety and applying risk assessment 
programs, considering that preservative (stress) tools applied for different food products 
assume that their microbial loads have been grown under optimal rather than stress 
conditions (Rowe and Kirk 2001).
A number of stresses have been shown to induce cross protection, including heat stress (Lou 
and Yousef 1997), cold stress (Periago et al 2002), acid stress (Leyer and Johnson 1993) and
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osmotic stress (Mattick et al. 2000b). Among other factors, adaptation to heat stress appears 
to provide bacterial cells with more pronounced cross protection against several other 
stresses (Ravishankar and Juneja 2002). Heat adaptation of Salmonella is reported to provide 
protection against subsequent heat treatment (Juneja et al 1998) and low pH conditions 
(Foster 2000). Similarly, Salmonella Typhimurium showed increased resistance to heat and 
salt following adaptation to acidic condition (Leyer and Johnson 1993). This was linked to 
the observation that the expression of about half the acid shock proteins induced following 
exposure to acidic conditions were also stimulated by subjecting cells to heat shock (Foster 
1995). Stress shock proteins act as chaperonines repairing and/ or protecting cellular proteins 
against damage as mentioned above. El-Sharoud (2004a) reported that increasing acid 
resistance of a given bacterium following exposure to other stressful conditions differs 
between bacteria.
It is reported that the master stress regulator RpoS may be involved in mediating cross 
protection in bacteria. This is indicated by the increased level of the alternative sigma factor 
as (encoded by the rpoS gene) following exposure to stresses such as osmotic stress, heat 
stress and starvation (Abee and Wouters 1999; Rowbury 2002).
1.2.4. Combined stresses (hurdle technology) and the aim of project
There is a perceived need for foods that are less obviously processed and retain the qualities 
of the fresh ingredients better than conventionally processed foods. This has stimulated 
interest in the use of mild preservation procedures and increased exploitation of the combined 
effects of several antimicrobial principles in what is known as multifactorial preservation or
36
Chapter 1 General Introduction
hurdle technology (Leistner and Gould 2002). This approach is based on the frequent 
observation that antimicrobial factors act co-operatively or synergistically, their aggregate 
effect being greater than the sum of the individual factors. Numerous reports have appeared 
describing such observations for a range of different hurdles (Adams and Hall 1988; Thomas 
and Wimpenny 1996; McMeekin et al. 2000). The practical consequence of this is that the 
combined effect of several relatively mild antimicrobial hurdles may offer the desired shelf 
life and safety properties while retaining many desirable sensory characteristics. Targeted 
application of the hurdle concept has become more accessible as a result of the important 
improvements in our understanding of the principles of major preservative factors and their 
interactions (Leistner 2000).
Hurdle technology requires rather intelligent and carefully designed processes based on 
actual observation, and not merely adding preservative factors together which may be 
associated with increased resistance of bacteria to preservation regimes. As described above, 
this may occur within the context of the "cross-protection" phenomenon where the synthesis 
of stress shock proteins on exposure to a mild preservative factor may provide protection 
against other factors and thus disturb the hurdle effect. The key point to avoid that protection 
is to use multi-target (e.g. cell membrane, DNA, enzyme system) preservation and to apply 
the hurdles in the right order at the sufficient levels to exhaust the bacterial cells due to 
expenditure of its cellular energy leading to death (Leistner 1995; Samelis and Sofos 2002).
A notable exception to the additive or enhanced antimicrobial activity generally seen with 
combination treatments is the combined effect of reduced water activity (aw) and heat 
inactivation where it is generally held that heat resistance or survival increases as aw is
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reduced from that of water (Christian 2000). For instance, a population of Salmonella 
Typhimurium is reduced tenfold in 0.18 min at 60°C if the aw of the suspending medium is 
0.995. But, if the aw is lowered to 0.94, up to 4.3 min are required at the same temperature to 
cause the same tenfold reduction (FDA 1992). A similar effect of reduced water activity has 
also been reported for other lethal treatments such as high hydrostatic pressure and low pH 
(Cheftel and Culioli 1997; Casey and Condon 2002).
The bulk of the published literature relating to the heat treatment of Salmonella supports this 
view (Goepfert et al. 1970; Gibson 1973; Doyle and Mazzotta 2000) and the protective effect 
of low aw on Salmonella has been described as a risk factor in outbreaks of salmonellosis 
associated with chocolate (Barrile and Cone 1970; DAoust 2000; Werber et al 2005), and 
jerky (CDC 1995).
There have however been occasional reports of the opposite effect where low aw increases 
heat sensitivity (Baird-Parker et al. 1970). In a more recent study with a number of 
Salmonella serotypes, it was reported that reduced aw was protective at temperatures greater 
than 70°C but the reverse was true when the heating temperature was below 65°C (Mattick et 
al 2001).
Despite the importance of these preservative factors and their interactions, the exact effect of 
low aw on Salmonella heat resistance is not clearly understood.
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This project was undertaken to:
- Examine the contrasting effect of low aw on the heat sensitivity of Salmonella 
Typhimurium. In particular, the range of temperatures in which change effect of aw on 
heat sensitivity take place.
- Establish the physiological basis of the observed effect, i.e., site of injury.
- Investigate the involvement of protein synthesis, RNA activity and energy 
metabolism in restoring the cellular damage caused by different conditions of heat 
and water activity.
- Investigate the influence of the prehistory of the cells (e.g. habituation at low aw or 
high temperature) on the effect of heat treatment at low aw.
- Determine whether the same effect of low aw and high temperature on Salmonella 
Typhimurium can be generalized to other members of Gram negative and Gram 
positive bacteria.
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Chapter 2 
General Materials and Methods
2.1. Salmonella strain and preparation of Culture
Salmonella Typhimurium (GpB 1.4.5.12:i.l.2) taken from the University of Surrey 
collection, was stored frozen on plastic beads (Protect; Technical Service Consultant Ltd, 
Heywood, Lancashire, UK) at -80°C and resuscitated to ca 109 CFU ml'1 in 10 ml of nutrient 
broth (NB; Oxoid Ltd, Basingstoke, Hampshire, UK) and incubated statically at 37°C for 24 
h. Resuscitated cultures (ca 109 CFU ml'1) were serially diluted tenfold in maximum 
recovery diluent (MRD; 0.85% NaCl, 0.1% bacteriological peptone; Oxoid Ltd, Basingstoke, 
Hampshire, UK). 1 ml of the 10'7 dilution (ca 102) was then inoculated into 100 ml pre­
warmed (to 37°C) NB, to give initial suspensions of approximately 1 CFU ml'1. The broth 
was incubated to stationary phase without shaking at 37°C for 24 h ± 1 h. It was then 
immediately centrifuged (2900 g  for 25 min at room temperature) in 2 x 50 ml centrifuge 
tubes (Bibby sterilin Ltd, Stone, UK), and centrifuged cell pellets were finally resuspended in 
2 ml fresh NB. This 2 ml concentrate was used to perform heat challenge.
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2.2. Preparation of reduced (aw) heating media:
While NB broth was used as a high aw medium (~ 0.99), low aw NB was prepared using 
glucose 40% w/w, sodium chloride 10% w/v, sucrose 55% w/w or glycerol 25.5 % w/w to 
give a final aw of ~ 0.94 ± 0.02 (the minimum reported aw for Salmonella growth). All media 
solutes were purchased from Fisher Scientific UK Limited, Loughborough, UK. The water 
activity of the sugar or salt containing media was measured using a Thermoconstanter 
(Novasina, Zurich, Switzerland; Figure 2.1) at 25°C. pH of the media was adjusted to 6.8 ± 
0.2 (optimum for Salmonella), using a portable pH meter (Model HI8424; Hanna 
Instruments, Milan, Italy). The pH meter was calibrated using standard pH buffers 4.0 and 
7.0 before use.
tharmoconstantar
npyasina
IIB H M
Figure 2.1: Water activity measuring instrument (Thermoconstanter, Novasina, Zurich, 
Switzerland)).
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2.3. Heat challenge
One ml of the stationary phase cell concentrate (2.1) was added to 50 ml of a medium held at 
the challenge temperature using a water bath, in a plugged 150 ml flask. The flask contents 
were stirred via a magnetic flea, propelled by a custom-made 12 v d.c. submersible stirrer 
operating at 60 rpm to minimize vortex formation. The external water bath level was 
maintained at the neck of the flask, approximately 5 cm above the level of the heating 
medium at all times and polypropylene spheres were employed to reduce evaporation. 
Temperature regulation was provided by a Grant circulator heater (Grant Instruments 
(Cambridge) Ltd. Barrington, Cambridge, England). An uninoculated control flask 
containing a digital probe and digital indicator (temperature measuring instrument (testo 
110), Lenzkirch, Germany) was used to monitor the heating vessel temperature.
Figure 2.2: Water bath containing a plugged 150 ml flask on submersible stirrer.
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2.4. Recovery of survivors and enumeration procedures
Samples of heating medium were pipetted from the heat challenge flask at pre-determined 
intervals (4, 6, 12 and 15 min intervals for 55°, 53°, 50° and 48°C respectively, heated both at 
high and low aw, and 0.25 and 1 min intervals for heating at 60°C at high and low aw 
respectively). At each sampling, 1.0 ml was added directly to MRD and further diluted 
tenfold prior to preparing 0.05 ml half spread plating on nutrient agar (Fisher Scientific UK 
Limited, Loughbrough, UK), Xylose lysine deoxycholate (XLD; Fisher Scientific UK 
Limited, Loughbrough, UK) and NA + 4% NaCl as required. All plates were prepared in 
duplicate and incubated aerobically at 37°C for 24 h (NA, XLD) and 48 h (NA + 4% NaCl). 
To enumerate time zero populations, representative samples of concentrates were 
appropriately diluted and plated prior to heating.
Colonies were counted using a Quebec colony counter (Bibby Sterilin Ltd, Stone, UK) and 
counts expressed as CFU mf1. For each combination of heating medium and temperature, 
heat challenge was performed at least in triplicate or as otherwise stated.
2.4. Data analysis
For each condition, the logio of colony forming units per ml (CFU ml'1) was calculated and 
mean logio of colony forming units per ml was plotted against time. The D-values at each 
temperature and for each heating medium were calculated as the negative inverse slope of the 
equation of the best-fit line of the log count against time. When appropriate, t-test to indicate 
significance of the differences between treatments and conditions was calculated using
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MINITAB (version 11 for Windows) (Minitab Inc., Pennsylvania, USA). A significant level 
of P < 0.05 was used in all statistical analysis. All the standard deviation of the means (SD) 
and graphs were calculated and constructed using Microsoft Excel 2000 (Microsoft Inc., 
Redmond, Wash., USA). For survival curves, those with regression coefficient (R2) more 
than 0.9 were used or otherwise stated.
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Chapter 3 
Effect of Low Water Activity (aw) on Heat Inactivation of 
Salmonella Typhimuriuni
Parts from Chapter 3 and Chapter 4 have been published in Journal o f Applied Microbiology
(see appendices).
3.1 Introduction:
It is generally held that heat resistance of bacterial cells increases as the water activity (aw) of 
the medium is reduced (Riemann 1968; Sumner et al. 1991; Christian 2000). A similar 
protective effect of reduced water activity has also been reported for other lethal treatments 
such as high hydrostatic pressure and low pH (Cheftel and Culioli 1997; Casey and Condon 
2002). The bulk of the published literature relating to the heat treatment of Salmonella 
supports this view (Goepfert et al. 1970; Gibson 1973; Sumner et al. 1991; Doyle and 
Mazzotta 2000), and the protective effect of low aw on Salmonella has been described as a 
risk factor in outbreaks of salmonellosis associated with different food products including 
chocolate (Barrile and Cone 1970; D'Aoust 2000; Werber et al. 2005) and jerky (CDC 1995). 
There have, however, been occasional reports of the opposite effect where low aw increases 
heat sensitivity (Baird-Parker et al. 1970). A more recent study with a number of Salmonella
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serovars, reported that while reduced aw increased heat resistance at heating temperatures 
greater than 70°C, it increased heat sensitivity at temperatures below 65°C (Mattick et al. 
2001).
This effect of low aw on heat resistance has also been found to be influenced by a number of 
other factors such as the solute type (used to lower aw) and the recovery conditions applied to 
assess cell survival (Baird-Parker et al 1970; Gibson 1973).
Different effects have been observed with different solutes (humectants) that are frequently 
used to adjust aw, including sodium chloride (NaCl), potassium chloride (KC1), glucose, 
sucrose, glycerol, glucose-fructose and propylene glycol (Beuchat 1974; Corry 1974; Mattick 
et al 2001). The most increased heat resistance has been found with sucrose as a humectant, 
conceivably, due to its poor ability to enter the cell (Corry 1975).
Recovery conditions such as incubation temperature, aerobiosis, and the composition of the 
media also have different effects on the outcome of combining lower aw with heat stress 
(Williams and Reed 1942; Blackburn et al 1997; Doyle and Mazzotta 2000). Incubation 
under anaerobic conditions is thought to decrease oxidative stress on injured cells allowing 
for improved recovery. However, agreement on the enhance recovery of heat stressed 
Salmonella by anaerobic conditions has not been achieved (Humpheson 1997; Blackburn and 
McCarthy 2000; Komitopoulou 2001).
The present work examines the contrasting effect of low aw on the heat sensitivity of 
Salmonella Typhimurium, and the effect of parameters that could influence it such as solute
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types and recovery conditions. Heat challenge was performed using the stirred flask method 
(open system), and the initial approach was to investigate the minimum and maximum 
temperature that reproducible results can be achieved using this method.
3.2. Materials and Methods 
3.2.1. Preparation of Salmonella Typhimurium culture, reduced aw heating 
media and heat challenge procedures
Preparation of Salmonella cultures, heating media at both aw and heat challenge procedures 
were performed as previously described in Chapter 2.
3.2.2. Recovery of survivors and enumeration procedures
Samples of heating medium were pipetted from the heat challenge flask at pre-determined 
intervals (1, 4, 6, 12,15 and 20 minutes intervals for 57°, 55°, 53°, 50°, 48° and 45°C 
respectively, heated both at high and low aw, 0. 5 and 1 minute intervals for heating at 59°C 
at high and low aw respectively, and 0.25 and 1 minute intervals for heating at 60°C at high 
and low aw respectively). At each sampling, one ml was added directly to MRD and further 
diluted tenfold prior to preparing 0.05 ml half spread plating on nutrient agar, xylose lysine 
deoxycholate (XLD) and NB 4% NaCl as required. All plates were incubated aerobically at 
37°C for 24 h (for NA and XLD) and 48 h (for NA + 4% NaCl). Colonies were counted 
using a Quebec colony counter (Bibby Sterilin Ltd, Stone, UK) and counts expressed as CFU 
ml’1. For each combination of heating medium and temperature, heat challenge was 
performed at least in triplicate or otherwise stated.
47
Chapter 3 Effect o f low aw heating on S. Typhimurium
3.2.3. Anaerobic enumeration condition
Anaerobic conditions were achieved by placing AnaeroGen AN 25 sachet (OXOID Ltd, 
Basingstoke) with the inoculated plates into an anaerobic jar (OXOID Ltd, Basingstoke). 
The Anaero Gen sachet reduces the oxygen level in the jar to below 1 % within 30 min with 
simultaneous generation of carbon dioxide to a level between 9 % and 13 %. The jar 
containing spread plates was then incubated at 37°C for 24 h. Colonies were counted using a 
Quebec colony counter (Bibby Sterilin Ltd, Stone, UK) and counts expressed as CFU ml"1
3.2.4. Statistical analysis
All calculations and statistical analysis of the data were performed as previously described in 
Chapter 2.
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3.3 Results:
3.3.1 Assessment of heat treatments used for inactivating Salmonella 
Typhimurium
As the effect of low water activity has been suggested by a number of researchers to be 
temperature dependent, determination of the minimum and maximum inactivation 
temperatures practicable using the stirred flask system was performed. Stationary phase cells 
of Salmonella Typhimurium were heated in nutrient broth at 45°C, 48°C, 50°C, 55°C, 57°C, 
59°C and 61°C for 120, 75, 72,20, 6,2.5 and 1 min respectively. To ensure even exposure to 
heat, bacterial suspensions were stirred during heat treatment using a magnetic flea that is 
driven by a stirring device underneath the flask. Slow stirring was employed to avoid excess 
vortex formation. Reproducible survival curves were obtained over temperature range of 48 - 
59°C (Figures 3.1- 3.3). Whereas, with the 45°C/ 120 min treatment was not effective at 
inactivating Salmonella cells (Figure 3.3 A). Heating the organism at 61°C for 1 min resulted 
in rapid death rate that was difficult to monitor. At the minimum and maximum temperatures 
(48°C and 59°C) reproducible results were obtained, heat inactivation in low water activity 
media (aw ~ 0.94, NB + salt) were conducted successfully as shown in Figures 3.1 and 3.2.
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Figure 3.1: Survival curves for the thermal inactivation of Salmonella Typhimurium cells at 
48°C in high (o) and low (•) aw. Error bars represent standards deviation of the mean 
(n = 3).
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Figure 3.2: Survival curves for the thermal inactivation of Salmonella Typhimurium cells at 
59°C in high (o) and low (•) aw. Error bars represent standards deviation of the mean 
(n = 3).
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Figure 3.3: Survival curves for the thermal inactivation of Salmonella Typhimurium cell at 
45°C (A), 50°C (B), 55°C (C) and 57°C (D) in high aw. Error bars represent standards 
deviation of the mean (n = 3).
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3.3.2 Effects of solute type used to reduce aw on heat inactivation of Salmonella 
Typhimurium.
The effect of solute type on heat inactivation of Salmonella Typhimurium at 50°C and 60°C 
was examined. Water activity of the nutrient broth (NB) medium was adjusted to 
approximately 0.94 using four humectants, NaCl, glucose, sucrose and glycerol added at 
concentrations 10 % (w/v), 40 % (w/w), 55 % (w/w) and 25.5 % (w/w) respectively. Reduced 
aw NB preheated to 50°C and 60°C was inoculated with Salmonella and the decimal reduction 
time (time taken at a given lethal temperature to produce a 10 fold reduction in viable 
numbers) was determined.
Reduction of aw by each of the humectants examined at 60°C was associated with a 
significant (P < 0.05) increase in the heat resistance of Salmonella. This was indicated by the 
higher D values in NB with reduced aw compared with the control broth (Table 3.1). The 
increased heat resistance differed with different humectants. Sucrose had the significantly (P 
< 0.05) greatest effect followed by glucose and NaCl. The later two humectants resulted in 
more pronounced (P < 0.05) resistance over glycerol. At 50oC, however, lowering water 
activity resulted in sensitizing effect with all humectants used except glycerol that showed 
considerable protection (P < 0.05).
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Table 3.1: Effect of different humectants (aw = 0.94) determined in D50 and D60 values in min 
(±SD) of Salmonella Typhimurium. Values in the same column with the same 
superscript letter are not significantly different (P > 0.05).
Solute type
D value
0003 at 60°C
NB (Control) 87.1 (23.9)a 0.2 (0 .01)A
NB + NaCl 42.8 (5.6)b,c 1.1 (0.3)b,d
NB + Glucose 36.2 (4.2)c 1.6 (0.4)b
NB + Sucrose 47.6 (0.3)b 2.9 (0.5)c
NB + Glycerol 329.7 (16.3)D
OV—'
0
3.3.3 Effect of aerobiosis on the recovery of Salmonella Typhimurium cells heat 
treated in low aw media
Aerobic and anaerobic recovery conditions following heat treatment at 50°C and 60°C at low 
(0.94) and high (0.99) aw had no significant difference (P > 0.05) on the numbers recovered 
on a non-selective medium (Nutrient agar) although D values of heated cells recovered in 
anaerobic conditions were higher than those recovered in aerobic conditions. The effect of 
aerobic and anaerobic conditions on recovery of S. Typhimurium at temperatures 50°C (A) 
and 60°C (B) is illustrated in Figure 3.4.
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Figure 3.4: Effect of aerobic (■), and anaerobic (■) recovery condition on Salmonella 
Typhimurium following exposure to high and low aw at 50°C (A), and 60°C (B). Bars 
represent standard deviations (n = 3).
3.3.4 Effect of low aw on heat resistance of Salmonella Typhimurium at different 
temperatures
The resistance of Salmonella cells at five different heating temperatures as affected by 
reduced aw was assayed by the decimal reduction time. The water activity of NB was reduced 
to 0.94 using glucose (40 % w/w) or sodium chloride (10 % w/v). As seen in Table 3.2, D 
values, and thus heat resistance, decreased with increasing the heating temperature. However, 
the effect of low aw on heat resistance differed with different temperatures. While 
significantly higher D values (P < 0.05) were found when Salmonella was heated at 55° and 
60°C in low aw compared with high aw broth, the reverse was observed on heating at 48°, 50° 
and 53°C. This means that the effect of reduced aw on heat resistance of Salmonella depended 
on the heating temperature. The effect changed from being sensitizing to protective at a
54
Chapter 3 Effect o f low aw heating on S. Typhimurium
temperature between 53° and 55°C. Although using glucose as a humectant gave slightly, but 
not significantly, increased heat resistance compared with NaCl at 55° and 60°C the reverse 
was true at 48° and 50°C.
Table 3.2: D values* in min (±SD) of Salmonella Typhimurium heated at high aw and 
reduced aw(0.94) achieved by the addition of glucose or NaCl. Values in the same 
column with the same superscript letter are not significantly different (P > 0.05).
Temperature
Medium 48°C 50°C 53°C 55°C 60°C
NB
High aw (0.99)
94.1 (5.6)a 87.1 (23.9)a 17.3 (1.3)a 6.5 (1.7)a 0.2 (0.01)A
NB + Glucose 
Low aw (0.94)
46.1 (4.3)b 36.2 (4.2)b 13.5 (2.2)b 11.7 (2.4)b 1.6 (0.4)b
NB + NaCl 
Low aw (0.94)
50.7 (3.6)b 42.8 (5.6)b 13.8 (1.6)b 8.3 (0.8)a,b 1.1 (0.3)b
* n = 4
A plot of log D against temperature (Figure 3.5) gave a Z value (the change in temperature 
necessary to produce a 10 fold change in D value) of 4.4°C for the high water activity heating 
medium (nutrient broth). The Z value in low aw heating media was higher at 7.6°C.
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Figure 3.5: Z value curves o f Salmonella Typhimurium Heat treated at 48°, 50°, 53°, 55° and 
60°C in High (o, R2 = 0.96) and Low ( • ,  R2 = 0.97) aw media.
The D values for low aw media used to determine Z value were the mean D values obtained 
from NB+ salt and NB+ glucose at each temperature.
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3.4 Discussion
The stirred flask method (open system) used in this study to perform the heat challenge is 
simple and needs equipment usually found in a standard microbiology laboratory. The 
magnetically driven stirring device provides heating menstruum with equal and uniform 
temperature distribution. It also minimizes the cooling effect of the inoculum due to the 
relative large volumes of the heating media comparing to the added inoculum (Komitopoulou 
2001). A disadvantage of this method is the relative difficulty in removing samples from the 
heating menstruum in the short time intervals (i.e., few seconds) necessary at high 
temperatures, while retaining aseptic conditions during sampling. This was the main reason 
for the poor repeatability of results at the high temperature (61°C) where the inactivation rate 
was too quick to be detected using this method. Nevertheless reproducible results were 
obtained successfully at temperatures 48°C - 60°C. Significant inactivation of S. 
Typhimurium at temperatures below 48°C was not seen. This is consistent with the reported 
maximum temperatures (up to 45- 47°C) at which Salmonellae cells are able to grow (Bryan 
et al 1979; D'Aoust 2000).
To assess the effect of low aw on heat inactivation of Salmonella cells, D value, which is 
derived from the logarithmic inactivation model, was used. Deviations from logarithmic 
thermal inactivation kinetics have been reported by many researchers, e.g., (Allwood and 
Russell 1970; Stumbo 1973; Humpheson et al 1998). Two main forms of these deviations 
have been observed; the first is shouldering, where the highest heat resistance occurred early 
during heating; the second is tailing whereas two death rates or increase in decimal reduction 
time occur during the heating (Gould 1989). Allwood and Russell (1970) suggested that
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inherent phenotypic variation within the population is reflected in its survival pattern. Based 
on this, deviations might therefore reflect variation in heat resistance within the population 
(Gould 1989). Many researchers argued against phenotypic variation hypothesis based on the 
observation that when the tail survivors are re-grown they display similar death kinetics 
(Moats et al. 1971; Humpheson et al. 1998). It is however possible that regrowth of the cell 
population regenerates the original variation in heat resistance. Tailing has also been 
suggested to be a result of heat adaptation (Han et al. 1976). Inhibition of protein synthesis in 
Salmonella eliminated tails, suggesting the possibility that production of HSPs in a small 
proportion of the cells resulted in tailing (Humpheson et al 1998). Stumbo (1973) attributed 
shoulders occurring to clumping of cells resulted from high concentration inocula. Absence 
of both phenomena in this study can be accounted for the relative small inoculum size and 
volume (1 ml of approx. 108 CFU ml"1) inoculated into 50 ml NB heating medium that 
prevented clumping of the cells, cooling of the menstruum, and an initial cell population 
grown from a very low number of cells.
Solute types used to adjust water activity vary in their effects on microbial heat sensitivity 
(Goepfert et al 1970; Christian 2000; Mattick et al 2001). Corry (1974) reported that the 
heat resistance gained by Salmonella at a specific reduced aw decreases in the order sucrose > 
glucose > sorbitol > fructose > glycerol. Similar to glucose, NaCl was reported to show lower 
protection than sucrose, but higher than glycerol which causes little or no plasmolysis, 
presumably because it can readily penetrate the cell membrane to the cytoplasm. This may 
account the lower protective effect of glycerol compared to sucrose which is unable to pass 
through cell membrane and causes severe plasmolysis (Corry 1974; Coroller et al 2001). 
This is consistent with the findings reported here. At 60°C, sucrose showed considerably
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greater protection compared with other solutes (P < 0.05). Also, as expected, glycerol 
provided the least protection effect. At 60°C, this effect was significantly (P < 0.05) lower 
than sucrose and glucose, but not significantly different from NaCl (P > 0.05).
At 50°C, lowering aw resulted in significant (P < 0.05) sensitizing effect with all humectants. 
The only exception was glycerol where Salmonella cells acquired significant (P < 0.05) heat 
resistance. The anomaly of the glycerol effect is possibly due to its ability to penetrate the 
cells membrane causing little or no plasmolysis (Corry 1974).
Samples removed from a heating menstruum contain a percentage of the cells that have been 
sub-lethally (reversibly injured). Injured cells may become sensitive to selective agent and 
may require specific compounds for repair and subsequent growth (Ramalho et al. 2002). 
Sensitivity to different selective agents can also sometimes indicate the site of injury (Vaara 
1992). Successful detection of heat injured cells is influenced by the way in which these cells 
are recovered. It has been reported that incubation under anaerobic condition may enhance 
survival of heat injured cells (Corry 1972; Blackburn et al. 1997; Humpheson 1997). 
Stephens et al. (2000) reported that removal of oxygen from the recovery environment of 
injured cells protected these cells by forcing them to generate energy from anaerobic 
metabolism and, thereby, avoiding oxidative stress. Other researchers, e.g., (Komitopoulou 
2001), found that recovery of heat stressed S. Typhimurium cells under anaerobic conditions 
was not different from those recovered aerobically. Results obtained in this study support the 
latter view where only a slight but non-significant difference (JP > 0.05) was detected 
between aerobic and anaerobic (using anaerobic jar) incubation methods on survival of heat 
stressed S. Typhimurium at two different temperatures (50°C and 60°C).
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The contrasting effect of reduced water activity on heat sensitivity of Salmonella at different 
temperatures (Table 3.2) is consistent with the observation of Mattick and coworkers (2001). 
They reported the temperature at which reduced aw (to 0.65 -  0.90) changed from being 
sensitising to protective as 65-70°C but the data reported here indicate a lower temperature 
and that low aw was protective above 53-55°C. This may reflect strain differences or the 
different aw values tested. A lower transition temperature from protective to sensitising is also 
supported by a number of researchers who have reported a protective effect of low aw below 
65°C (Garibaldi et al. 1969a; Garibaldi et al. 1969b; Goepfert et al. 1970; Gibson 1973).
Increased heat resistance at low aw has been reported for other organisms, including 
Staphylococcus epidermidis (Verrips and Vanrhee 1983) and Listeria monocytogenes 
(Sumner et al. 1991), whereas, a reduced heat resistance in Clostridium botulinum was 
observed at increasing salt concentration (Juneja and Eblen 1995).
The Z value calculated from data obtained here, 4.4°C, is consistent with the previously 
reported average value of 5.3°C which was derived using all published data for heat 
resistance of salmonellas, excluding data for the most heat resistant serovar Salmonella 
Senftenberg and those determined under stress conditions or with added solutes (Doyle and 
Mazzotta 2000). A higher Z value was calculated from data obtained in this study for heating 
in low aw media (7.6°C) and this is consistent with the observation of Blackburn et al. who 
reported an increase in Z value with decreasing aw with values ranging from 4.6° up to 7.0°C 
(Blackburn et al. 1997).
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The change in response of Salmonella cells to the aw of the heating medium depending on the 
temperature which was observed in this study suggests that damage to different cellular 
targets/ sites is responsible for cell inactivation at the different temperatures.
The main findings in this chapter are:
• The maximum temperature at which Salmonella heat inactivation can be performed 
using the stirrer flask method is approximately 60°C.
• Small volume, concentration and population homogeneity of the inoculum are 
possible reasons for the absence of deviations (shouldering or tailing) from 
logarithmic heat inactivation.
• Solute types used to lower media aw vary in their protective effect on heat treated S. 
Typhimurium. Sucrose shows greater effect than glucose and NaCl and much greater 
than glycerol.
• Recovery of heat injured S. Typhimurium cells under aerobic and anaerobic 
conditions was very similar.
• Heating at reduced water activity (0.94, produced by addition of glucose or sodium 
chloride to nutrient broth) was protective at temperatures above 53-55°C but 
sensitising below this temperature.
• The observed change in behaviour possibly reflects the different reactions (molecular 
targets) responsible for thermal death at different temperatures and their different 
response to reduced water activity.
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• This work qualifies the previous assumption that reduced water activity is protective 
and suggests that the efficacy of low temperature pasteurisation regimes may be 
increased by reduced aw.
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Chapter 4 
Extent of Injury of Salmonella Typhimurium Cells Following 
Heat Treatment at Low aw.
Parts from Chapter 4 (and Chapter 3) have been published in Journal o f Applied
Microbiology (see appendices).
4.1. Introduction
Following exposure to stress conditions such as low aw and high temperatures, a bacterial 
population may contain a mixture of lethally injured cells, reversibly injured cells, and 
healthy cells. While lethally injured cells are not detectable by cultural methods, reversibly 
(sub-lethal) injured cells are exacting in their nutritional requirements and can only be 
recovered using non-selective media (Mackey 2000). Cell injury can be described as either 
structural or metabolic damage (structural damage is characterised in the loss of permeability 
barriers of the cell envelope, metabolic damage involves the functional cell components such 
as ribosomes or DNA) that sensitises the organism to selective agents in recovery media 
(Brashears et al 2001). The outer membrane, cytoplasmic membrane and ribosomes have 
been suggested as possible sites of heat-induced injuries in Gram negative bacteria including
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Salmonella (Ray 1979; Mackey et al 1991; Abee and Wouters 1999). Damage in these 
cellular structures makes cells vulnerable to selective agents that are tolerated by healthy 
cells. For instance, while healthy Salmonella cells can tolerate sodium deoxycholate in the 
XLD agar medium and sodium chloride in nutrient agar, some injured cells cannot develop 
visible colonies on these media (Flicker 1987; Mackey 2000).
As concluded in Chapter 3, the response of Salmonella to the aw of the heating medium 
depended on the temperature. This suggests that damage to different cellular targets is 
responsible for cell inactivation at the different temperatures. The present work thus 
examines the extent of cell injury in Salmonella Typhimurium following heat treatment at 
50°C and 60°C in high and low aw conditions. These two temperatures were selected to 
represent the two different effects of lowering aw on heat treatment of Salmonella 
Typhimurium namely sensitising and protective. It also aims to probe the involvement of the 
outer membrane, cytoplasmic membrane and ribosomes in heat inactivation/ injury of 
Salmonella Typhimurium under these conditions.
4.2. Materials and Methods
4.2.1. Preparation of Salmonella Typhimurium culture, reduced a w heating 
media and heat challenge procedures
Heat challenge trails were performed at 50°C and 60°C in high aw (~0.99) and low aw (~0.94) 
heating media. Low aw heating medium was prepared using NaCl. Preparation of Salmonella 
cultures, heating media at both aw and heat challenge procedures were performed as 
previously described in Chapter 2.
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4.2.2. Maximum non-inhibitory concentration of NaCl on Salmonella 
Typhimurium
Different concentrations of NaCl, 2%, 3%, 4% and 5% (w/v), were added to nutrient agar. 
Media were then inoculated with 0.1 ml of untreated suspension of S. Typhimurium and 
aerobically incubated at 37°C for 48h. Samples were then taken to determine viable bacterial 
counts.
4.2.3. Ribosomal RNA extraction and analysis
Salmonella Typhimurium cultures were prepared as described in 4.2.1. Cell pellets were 
resuspended in 25 ml fresh NB (high aw) or NB + 10% NaCl w/v (low aw) to give an optical 
density (OD) of 0.40 ± 0.01 at 600 nm using a UV-visible spectrophotometer (Model: 
Unicam Helios; Unicam Limited, Cambridge, UK). For both aw media, five samples of 1 ml 
bacterial suspension were transferred to new microfuge tubes (RNase-Free 1.5 ml microfuge 
tubes, Ambion, UK) and incubated at 50°C or 60°C in preheated water bath. Samples were 
removed at predetermined intervals and centrifuged (15000 g) for 5 min at 4°C. Pellets were 
resuspended in 200 pi of Na acetate/ SDS buffer (Sigma, UK), and incubated at 95°C for 4 
min.
After incubation, 1 ml of TRIzol Reagent (Invitrogen, Paisley, UK) was added. The tube 
contents were mixed well before adding 0.2 ml cold chloroform and shaking vigorously for 
15 sec. Samples were left at room temperature for 2-3 min, before centrifuging (12000 g) for 
15 min at 4°C. The top aqueous layer (~ 400 pi) was transferred to new microfuge tubes, and 
0.5 ml cold isopropanol was added and mixed by inverting tube before incubation at room 
temperature for 10 min. After centrifugation (15000 g) for 10 min at 4°C, the pellet was
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washed in 1 ml 70% ethanol and centrifuged (7500 g) for 5 min at 4 °C. After drying in an 
oven (50°C), washed pellets were finally resuspended in 50 pi RNase free water before 
analysis of the RNA product with Agilent 2100 Bioanalyzer (Agilent Bioanalyzer, 
Waldbronn, Germany) or stored at -80°C for later use.
The bioanalyzer is an instrumental capillary electrophoretic system for the separation and 
detection of nucleic acid fragments by laser-induced fluorescence. RNA analysis was 
preformed using the reagent kit (RNA 6000 Nano Assay) on the Agilent 2100 Bioanalyzer 
according to the manufacturer’s instructions, and data displayed as electropherograms.
RNA product was also analyzed using agarose gel electrophoresis technique. rRNA samples 
were prepared for electrophoresis by mixing 6 pi of extracted rRNA with 3 pi of loading 
buffer (0.25% orange G, 30% glycerol, and 70% water). The mixture was loaded onto 1.2 % 
(w/v) agrose gel (Ultra pure agarose, Gibco BRL) in TAE buffer at 110 volts for 
approximately 45 min. After staining the gel in 0.5 pg ml'1 Ethidium Bromide, the rRNA was 
visualised using an ultra violet transilluminator (312 nm, New Brunswick Scientific) and a 
copy of the images recorded using a gel documentation system (Ultra Violet Products). 
Standard bacterial rRNA (23 S & 16S) was obtained from Eurogentec, Seraing, Belgium.
4.2.4. Measurement of lag time
One ml samples of Salmonella Typhimurium suspensions heated at 50°C for 90 min or 60°C 
for 30 sec in high and low aw heating media were transferred to 100 ml fresh nutrient broth 
and incubated at 37°C. One ml samples were removed at intervals for determination of viable
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counts. DMFit programme (Institute of Food Research, Norwich, UK), based on Baranyi and 
Roberts model (Baranyi and Roberts 1994) was used to fit the growth curves and obtain the 
lag phase times.
4.2.5. Influence of magnesium supplemented growth medium on heat resistance
Salmonella Typhimurium cultures were prepared as described above except for 
supplementation of the 100 ml NB growth medium with 10 mmol I'1 of MgCb (Sigma, UK) 
(controls were not supplemented) before incubation at 37°C for 24 h. Subsequent heat 
challenge trials were performed at 50°C and 60°C as described above.
4.2.6. Enumeration procedures and statistical analysis
Enumeration procedures and statistical analysis of the data were performed as previously 
described in Chapter 2.
67
Chapter 4 Low aw heating injuiy in S. Typhimurium
4.3. Results
4.3.2. The extent of membranes injury
Increased sensitivity of heat injured Salmonella cells to deoxycholate and NaCl was used 
here as an indication of damage to the outer membrane and cytoplasmic membrane 
respectively. XLD medium containing deoxycholate for outer membrane integrity and NA + 
NaCl for cytoplasmic membrane integrity were used.
i
4.3.2.I. Determination of maximum level of NaCl for growth of untreated Salmonella 
Typhimurium
Initially, the maximum concentration of NaCl that allowed the growth of healthy S. 
Typhimurium was determined. A healthy cell population of S. Typhimurium was enumerated 
on nutrient agar containing different levels of salt (2%, 3%, 4% and 5% w/v). As seen in 
Figure 4.1, the addition of up to 4 % NaCl to the growth medium had no significant effect (P 
> 0.05) on the enumeration of healthy cells. Therefore, this concentration (4% NaCl ) was 
used in subsequent experiments to detect cells retaining an undamaged cytoplasmic 
membrane.
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Figure 4.1: Viable count (logio CFU /ml) o f untreated stationary phase culture o f S. 
Typhimurium plated on NA containing different NaCl concentrations. Error bars 
represent standard deviation of mean data (n=3).
4.3.2.2. Determination of the extent of outer and cytoplasmic membrane injury in 
Salmonella Typhimurium following heat treatment at low aw
D value determinations were made at 50°C and 60°C using the selective enumeration media: 
nutrient agar containing 4% NaCl and XLD agar. Untreated Salmonella cells were unaffected 
by the selective agents in these media, NaCl and deoxycholate respectively, but cells with 
injury at sites sensitive to the selective factor will not grow. The D values determined using 
these media and nutrient agar in both the high and low aw heating media at 50°C and 60°C are 
shown in Figure 4.2.
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Figure 4.2: D values of Salmonella Typhimurium heat treated at 50°C (A) and 60°C (B) in 
high (■) and low (■) aw conditions determined using 3 different recovery media. Effect 
of recovery medium was significant (P < 0.05) between D values obtained using 
nutrient agar (NA) and XLD at both temperatures and aw heating media. The only 
significant difference (P < 0.05) between NA and NA + NaCl was observed at 50°C 
with high aw heating medium. Error bars represent standards deviation of mean data 
(n= 3).
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D values determined using non-selective nutrient agar were the largest since this medium will 
support the growth of most cells surviving heating including those bearing some form of 
sublethal injury. Counts determined on selective media are likely to be lower since the 
growth of some injured cells is prevented.
D50 values obtained using the selective medium XLD were lower than those determined 
using nutrient agar. This was true for both low and high aw heating conditions (Figure 4.2.A 
and 4.2.B). This indicates that under both low and high aw heating conditions, large numbers 
of the survivors had outer membrane damage. Similarly the D50 value determined using 
nutrient agar plus salt for high aw heating was also lower than that determined using nutrient 
agar alone. This indicates that under these heating conditions (high aw) many survivors also 
had cytoplasmic membrane damage. This was not the case with low aw heating where D50 
values calculated from the nutrient agar and nutrient agar plus salt counts were not 
significantly different (P > 0.05) indicating that survivors did not carry injury to their 
cytoplasmic membranes.
This was confirmed when cells surviving heat treatment were inoculated into a fresh growth 
medium. Analysis of the growth curves showed that survivors from heating at 50°C at low aw 
showed a considerably shorter lag phase (3.1 h, SEM 0.3) than those heated in high aw 
medium (5.4 h, SEM 0.3) at the same temperature, indicating the latter population carried 
more overall injury (Figure 4.3A).
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The lag phases seen with survivors from the 60°C treatment were closer (3.5 h low aw; 2.0 h 
high aw) although in this case it was survivors from the low aw medium that showed a longer
lag phase indicative of greater injury (Figure 4.3B)
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Figure 4.3: Lag times of S. Typhimurium suspensions grown in NA following exposure to 
heat treatment at 50°C for 90 min (A) and 60°C for 30 sec (B) in high (■) and low (□) 
aw media before inoculated in 100 ml NB at 3 7°C.
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Survival curves of heat treated S. Typhimurium at 50°C obtained from 2 plating methods 
(NA & NA containing 4% NaCl) have been plotted (Figure 4.4A). After 60 min heating in 
high aw medium, there was more than a 3 log difference between survivors that retain 
undamaged cytoplasmic membrane and those with cytoplasmic membrane damage. Only 
0.07 % (5xl04out of 7xl07 of the survivors) retained an undamaged cytoplasmic membrane. 
However with cells treated in low aw medium, the relatively smaller difference starts from the 
initial population, and the difference decreases. This shows that almost all survivors retained 
undamaged cytoplasmic membranes.
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Figure 4.4: Survival curves of S. Typhimurium plated in NA («)and NA + 4% NaCl (•) after 
heat treatment at 50°C (A) and 60°C (B) in high (□,©) and low (e,©) aw media.
At 60°C in low water activity medium (NB 10% NaCl) about 12.5% of the survivors have 
retained undamaged cytoplasmic membrane after 1.5 min, whereas in high water (NB) 
activity medium the figure was 9 % (Figure 4.4B).
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4.3.3. The extent of ribosomal injury
4.3.3.I. Determination of rRNA degradation in Salmonella Typhimurium following heat 
treatment at low avv
Ribosomal RNA is one target associated with thermal death in bacteria. Total RNA extracts 
from unheated (Figure 4.5) and heated cells (Figures 4.6 and 4.7) were analyzed using the 
Agilent Bioanalyzer, a rapid and sensitive instrumental capillary electrophoretic system for 
the separation and detection of nucleic acid fragments by laser-induced fluorescence (Liu et 
al 2003). Peaks are eluted in order of increasing molecular weight with 5S and tRNA eluting 
from 24-27 seconds, 16S rRNA at around 39 seconds and 23S rRNA at around 42-44 
seconds. When comparing RNA samples during heating at high and low aw, there was little 
difference when the heating temperature was 50°C (Figures 4.7) but at 60°C degradation was 
markedly more pronounced at high aw as indicated by the increase in low molecular weight 
components eluting between 27 and 38 seconds and loss of baseline (Figures 4.6C).
These observations were confirmed at both temperatures using agarose gel electrophoresis 
Where at 60°C (Figure 4.8) rRNA degraded into small molecular weight components at high 
aw conditions which characterized by increasing smear products below 16S band in lanes 2 
and 4.
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Figure 4.5: rRNA integrity of Salmonella Typhimurium (A & B before heat treatment in high 
and low aw media respectively) using Agilent 2100 Bioanalyzer. Peaks present in the 
electropherogram from 24- 27 seconds represent small 5S or tRNA, where those peaks 
occur at the second 43 are correspond to 23S, where 16S peaks occur at 38-39 seconds.
75
Chapter 4 Low aw heating injuiy in S. Typhimurium
25
20
10
24 35i 44
T im e  (s e c o n d s )
45 54 553413
P>>
30
25
20
15xa
59 5333i 44
T im e {seconds!)
25
Figure 4.6: rRNA integrity of Salmonella Typhimurium (C & D after heat treatment for 4
minutes at 60°C in high and low aw media respectively) using Agilent 2100 
Bioanalyzer. Peaks present in the electropherogram from 24- 27 seconds represent 
small 5S or tRNA, where those peaks occur at the second 43 are correspond to 23 S, 
where 16S peaks occur at 38-39 seconds. Losing the baseline between 27 and 38 
seconds in Figure 4.5C represents degradation of rRNA
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Figure 4.7: rRNA integrity of Salmonella Typhimurium (E & F after heat treatment for 30 
minutes at 50°C in high and low aw media respectively) using Agilent 2100 
Bioanalyzer. Peaks present in the electropherogram from 24- 27 seconds represent 
small 5S or tRNA, where those peaks occur at the second 43 are correspond to 23 S, 
where 16S peaks occur at 38-39 seconds.
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23 S rRNA  
16S rRNA
Figure 4.8: rRNA integrity of Salmonella Typhimurium heat treated at 60°C in low and high 
aw media. rRNA were extracted using TRIzol reagent method and loaded onto Agarose 
gel. Lane 1, heat treated for 4 min. in low aw; lane 2, heat treated for 4 min. in high aw; 
Lane 3, heat treated for 2 min. in low aw; lane 4, heat treated for 2 min. in high aw; Lane 
5, before heat treatment in low aw; lane 6, before heat treatment in high aw; Lane 7 
rRNA standards. Smear product in lanes 2 and 4 indicating rRNA degradation.
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23S rRNA  
16S rR N A
Figure 4.9: rRNA integrity of Salmonella Typhimurium heat treated at 50°C in low and high 
aw media. rRNA were extracted using TRIzol reagent method and loaded onto Agarose 
gel. Lane 1, heat treated for 30 min. in low aw; lane 2, heat treated for 30 min. in high 
aw; Lane 3, before heat treatment in low aw; lane 4, before heat treatment in high aw; 
Lane 5, rRNA standards.
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4.3.3.2. The Influence of magnesium supplemented growth medium on Salmonella 
Typhimurium heat resistance
Magnesium ions (Mg2+) are a known factor in the stabilisation of ribosomes (Hurst 1977). 
When cells were grown in nutrient broth supplemented with magnesium ions in the form of 
magnesium chloride (10 mmol f 1), they showed a significantly greater heat resistance at high 
temperature (60°C) compared with cells grown in non-supplemented nutrient broth (P < 0.05) 
(Figure 4.10). After 5 min at 60°C at low aw there were more than lOOx the survivors among 
Mg2+ treated cells. This increase in heat resistance was more pronounced with low aw heating 
medium. At the lower heating temperature (50°C), the stabilizing effect of magnesium did 
not operate. The addition of Mg2+ to the growth medium had no significant (P> 0.05) effect 
on heat resistance (Figure 4.11), which indicates that rRNA damage was unlikely to be 
involved in the inactivation of Salmonella cells at this temperature (50°C).
80
Chapter 4 Low aw heating injury in S. Typhimurium
2 3 4
Heating time (min)
20 40
Heating time (sec)
60 80
Figure 4.10: Survival curves of Salmonella Typhimurium grown in normal NB (o), and NB 
supplemented with magnesium ions (•) as magnesium chloride (10 mmol I'1) before 
heat treated at 60°C at low aw (0.94) (A), and high aw (0.99) (B). Cells grown in the 
presence of MgCl+2 showed significantly greater heat resistance in both aw conditions 
(P < 0.05). Error bars represent standard deviation of mean data (n = 3).
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Figure 4.11: Survival curves of Salmonella Typhimurium grown in normal NB (o), and NB 
supplemented with magnesium ions (•) as magnesium chloride (10 mmol f 1) before
heat treated at 50°C at low aw (0.94) (A), and high aw (0.99) (B). Cells grown in the 
presence of MgCl+2 showed no significant heat resistance in both aw conditions (P > 
0.05.) Error bars represent standard deviation of mean data (n = 3).
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4.4. Discussion:
The change in response of Salmonella to the aw of the heating medium depending on its 
temperature, as observed in the previous chapter, suggests that damage to different cellular 
targets is responsible for cell inactivation at different temperatures.
Since the outer membrane (OM) is reported to be a prime site for thermal injury in 
Salmonella cells (Boziaris et al. 1998), OM integrity was determined in this study using 
xylose lysine deoxycholate (XLD) agar. While Salmonella cells are not normally sensitive to 
deoxycholate, a selective agent used in XLD, damage to the outer membrane increases their 
sensitivity (Vaara 1992; Boziaris et al. 1998). Similarly, alteration to the cytoplasmic 
membrane in heat injured cells is well established to affect its functional properties as a 
passive barrier to sodium ions (Tomlins and Ordal 1976; Csonka and Epstein 1996). This can 
be determined through the increased sensitivity to salt (Hurst 1977; Mackey 2000). 
Supplementing nutrient agar with 4% NaCl had no significant effect (P >  0.05) on growth of 
untreated Salmonella Typhimurium. This is consistent with the maximum non-inhibitory 
concentration of NaCl on growth of healthy E. coli as concluded by (Garcia et al 2006). 
Chilton et al. (2001) used a medium containing a lower concentration (2.5% NaCl) to 
evaluate cytoplasmic membrane damage of E. coli cells treated with high pressure.
At 50°C, the increased death rate seen at low aw correlates well with damage to the 
cytoplasmic membrane and the sensitivity of cells with cytoplasmic membrane injury to low 
aw. At high aw, cells with damage to the cytoplasmic membrane survive heating at 50°C and
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can repair, but when heated in low aw medium the additional osmotic stress during heating 
results in cell death rather than sublethal injury. This explains the similar D5o values seen for 
cells recovered on nutrient agar and nutrient agar plus salt from low aw heating media as 
shown in Figure 4.2A. The relative stability of the ribosomes to heating at this temperature 
under both high and low aw suggests that death is due to the accumulation of injury at sites 
such as membranes rather than ribosomal RNA.
At high temperature (60°C) the results show that ribosomal inactivation is a primary target. 
Ribosomes can constitute up to 40% of the mass of rapidly growing cells and consequently 
considerable cellular energy is devoted to their synthesis and assembly. Denaturation of 
ribosomal components, particularly RNA, in response to environmental stress has been 
correlated with cell death (Strange and Shon 1964; El-Sharoud 2004b). Mackey et al. (1991) 
studied the thermal denaturation of E. coli using differential scanning calorimetry and 
identified a number of thermal denaturation events that occurred with increasing temperature 
starting with a broad endotherm caused by thermal denaturation of lipids. The first 
irreversible denaturation event occurred at a higher temperature and corresponded to 
denaturation of the 30S ribosomal subunit and soluble cytoplasmic proteins. In the present 
study, heating at 60°C resulted in appreciable degradation of rRNA into smaller molecular 
weight components. This was markedly less when cells were heated at low aw.
The results presented here indicate that the differing response to low aw is due to its effect on 
these reactions. At lower temperatures the low aw potentiates the inactivation of cells with 
damaged cytoplasmic membranes while at higher temperatures ribosomal RNA degradation 
is inhibited by reduced aw conditions which would increase cytoplasmic osmolarity. This is
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farther supported by the observation that Salmonella cells grown in elevated magnesium, a 
known ribosome stabilising factor (Hurst 1977), showed enhanced heat stability at 60°C but 
not at 50°C.
The results indicate that generalisation of the effect of reduced aw on the heat sensitivity of 
Salmonella is not always possible. This reflects changes in the key reactions involved in 
thermal inactivation of bacteria at different temperatures and suggests that further 
investigation of these is needed.
The main findings in this chapter are:
• The maximum non-inhibitory concentration of NaCl to growth of healthy S. 
Typhimurium is 4 % w/v.
• Using selective enumeration media to determine injury, at low heating temperature 
(50°C), cells survived at high aw with cytoplasmic injury whereas in low aw heating 
media these cells were killed.
• At high temperature (60°C) ribosome degradation was a more important cause of 
death and was inhibited by low aw heating media thereby providing greater heat 
resistance.
• Addition of magnesium ions to the growth medium resulted in increased heat 
resistance at 60°C but not at 50°C, possibly through supporting the integrity of 
ribosomes.
85
Chapter 5 Effect o f  pretreatment conditions on low aw heating
Chapters 
Effect of Growth Temperature and Habituation at Low aw on 
Heat Resistance of Salmonella Typhimurium at Low and High aw
5.1. Introduction
A wide variety of environmental conditions during growth has been reported to cause a 
profound effect on bacterial resistance to subsequent heat treatment. Many researchers have 
explored different aspects of these conditions. Heat stress is possibly the most extensively 
studied condition in relation to its effect on subsequent bacterial heat resistance. It is 
generally accepted that bacteria grown at a relative high temperature (higher than optimal) 
exhibit greater heat resistance (Dega et al. 1972; Knabel et al. 1990; Periago et al. 2002; 
Martinez and Bernardo 2003).
Following studying the effect of various stress conditions, including heat shock, elevated 
levels of NaCl, ethanol, hydrogen peroxide, acid and starvation on Listeria monocytogenes, 
Lou and Yousef (1997) concluded that the occurrence of stress protection following
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environmental stresses depends on the type of stress encountered and the lethal factor 
applied.
In relation to water activity, most available studies have been focused on the effect of 
reduced water activity in the heating medium rather than in the growth medium. However, 
habituation of bacterial cultures, including Salmonella (Kirby and Davies 1990; Fletcher and 
Csonka 1998; Mattick et al 2000b), Listeria monocytogenes (Jorgensen et al. 1995) and the 
most osmotolerant foodbome pathogen, Staphylococcus aureus (Shebuski et al 2000) at 
reduced water activity has been reported to increase heat resistance of these bacteria. 
However, Mattick et al. (2000b) found that habituation had no effect when the cells were 
heated at 60°C, but increased resistance at 54°C. A similar increased resistance has been 
reported after habituation at low pH. Exposing S. Typhimurium to mildly acidic conditions 
(pH 5.8) for one to two cell doublings was reported to increase the cells’ resistance towards 
various stresses including heat treatment (Leyer and Johnson 1993). Cross protection from 
acid adaptation was also observed by Bacon et al (2003) to affect heat inactivation in 
Salmonella.
To overcome osmotic stress from the surrounding environment, bacterial cells are reported to 
accumulate compatible solutes such as glycine betaine. Salmonella, as a member of 
Enterobactereaceae family, is reported to take up glycine betaine from the medium or 
synthesizes it internally from choline (Csonka et al 1994). Styrvold et al (1986) have 
reported that addition of glycine betaine to a medium of inhibitory osmotic strength 
stimulates the growth of Escherichia coli. Its presence in the growth medium may therefore 
affect bacterial response towards the adverse conditions of low aw during heat treatment.
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Reduction of water activity and heat treatment are examples of stresses known to induce such 
cross protection (Lou and Yousef 1997; Mattick et al. 2000b). This has critical consequences 
on designing food safety and risk assessment programmes, considering that preservative 
(stress) tools applied for a particular food product assume that its microbial load has been 
grown under optimal conditions (Rowe and Kirk 2001). It is, therefore, crucially important to 
consider how the history of a food product might influence the efficacy of subsequent 
processing procedures.
It was observed in previous chapters that a reduced aw (~ 0.94) during heating of Salmonella 
Typhimurium (the minimum aw reported to support growth of this organism) was protective 
at temperatures above 53-55°C but sensitising below this temperature. The present work 
examines the effect of several different types of habituation conditions on the heat resistance 
of Salmonella Typhimurium at 50°C and 60°C at high (0.99) and low (0.94) aw. These are:
• Growth at high or low temperature (44°C or 25°C).
• Habituation at low aw (0.95) for up to 96 hours at 21 °C.
• Growth medium supplemented with betaine, a known osmoprotectant.
• The presence of betaine in heating medium.
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5.2. Materials and Methods
5.2.1. Growth at high and low temperatures
Cultures of Salmonella Typhimurium were prepared as described in Chapter 2 except for the 
incubation temperature of the 100 ml NB growth media that are normally incubated at 37°C 
for 24 h prior to performing the heat challenge. In this study, these cultures were habituated 
at high and low temperatures by incubation at 44°C as a high temperature or 25°C as a low 
temperature prior to performing the heat challenge procedures. Control cultures were 
incubated at 37°C. All cultures were in stationary phase as indicated by the plate count 
enumeration.
5.2.2. Habituation at low aw conditions
Salmonella Typhimurium cells (GpB 1.4.5.12:1.1.2) taken from the University of Surrey 
collection, had been stored frozen on plastic beads (Protect; Technical Service Consultant 
Ltd, Heywood, Lancashire, UK) at -80°C, were resuscitated to ca 109 CFU/ ml in 10 ml of 
nutrient broth (NB; Unipath UK ltd, Basingstoke, Hampshire, UK) before they incubated 
statically at 37°C for 24 h. Cultures were diluted tenfold in maximum recovery diluent 
(MRD; 0.85% NaCl, 0.1% bacteriological peptone; Unipath UK Ltd, Basingstoke, 
Hampshire, UK) for the inoculation of pre-warmed (37°C) 100 ml NB, to give initial 
suspensions of approximately 1 CFU/ ml. These broths were incubated without shaking at 
37°C for 24 h ±1 h. They were then immediately centrifuged (2900 g  for 25 min at room 
temperature) and the centrifuged cell pellets were finally transferred to 100 ml NB media 
containing 8 % w/v NaCl (to give a final aw of ~ 0.95) and incubated at 21°C.
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Cultures were prepared as above and incubated at 21°C in low aw (0.95) NB for up to 96 h 
prior to performing heat challenge procedures at 50° or 60°C. Control cultures were heat 
challenged at the both aw without habituation,
5.2.3. Addition of betaine to the growth medium
Salmonella Typhimurium cultures were prepared as described in Chapter 2 except for 
supplementation of the 100 ml NB growth medium with 10 mmol I'1 glycine betaine in the 
form of betaine hydrochloride (Sigma,. UK) (controls were not supplemented). pH of the 
cultures were adjusted to 7.00. The pH values were adjusted using NaOH solution, and 
determined using a portable pH meter (Model HI8424; Hanna Instruments, Milan, Italy). 
The pH meter was calibrated using standard pH buffers 4.0 and 7.0 before use. Cultures were 
finally incubated at 37°C for 24±1 h before performing the heat challenge procedures.
5.2.4. Heat challenge, enumeration procedures and statistical analysis
Following each habituation condition, heat challenge trials were performed at 50°C and 60°C 
at high (~ 0.99) and low aw (~ 0.94). Low aw heating medium was prepared using NaCl as 
described in Chapter 2. Samples were removed from the heating at both aw heating conditions 
at predetermined intervals and plated on NA. Incubation conditions, enumeration procedures 
and statistical analysis of the data were performed as described in Chapter 2.
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Figure 5.1: Schematic representation o f Salmonella Typhimurium growth conditions applied 
in Chapter 5. Controls are not shown.
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5.3. Results
5.3.1. Effect of growth at 25 °C and 44°C on heat resistance of Salmonella 
Typhimurium heat treated at low and high a w
Heating at 50°C:
Growth of the Salmonella Typhimurium culture at a relatively low temperature (25°C) for 24 
h prior to heat treatment at 50°C at low and high aw resulted in a significant decrease (P < 
0.05) in heat resistance as expressed in reduced D value. The reduction in the heat resistance 
was 52.9% and 79.7% at low and high aw respectively (Table 5.1; Figures 5.2 and 5.3).
On the other hand, Salmonella grown at 44°C for 24 h showed an increase in heat resistance 
at both aw values (Table 5.1; Figures 5.2 and 5.3). This increase in heat resistance of cells 
was significant (P < 0.05) at high aw heating but not at low aw.
Cells grown at 44°C showed a similar increased heat sensitivity at low aw similar to that seen 
with control cells grown at 37°C. In contrast lowering the aw of the heating medium did not 
increase the heat sensitivity of cells grown at 25°C which showed similar D values at both aw 
values (Table 5.1).
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Table 5.1: D values (min) of Salmonella Typhimurium grown at 25°, 37° and 44°C before 
heat treatment at 50° and 60°C at high and low aw. Values in the same row with the 
same superscript letter are not significantly different (P > 0.05).
Heating
Growth temperature
temperature
aw heating condition
25°C
Control
(37°C)
44°C
Low aw (0.94) 18a 38.2b 48.8b
50°C
High aw (0.99) 16a 78.7b 120.5C
60°C
Low aw (0.94) 0.2a 1.4b 1.6b
High aw (0.99) < 0.04a 0.27b 0.4b
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Figure 5.2: Survival curves of Salmonella Typhimurium cells heated at 50°C in low aw
heating medium following growth at 25°C (A ) and 44°C (□). Control cultures were
incubated at 37°C (■). Error bars represent standards deviation of mean data (n = 3).
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Figure 5.3: Survival curves of Salmonella Typhimurium cells heated at 50°C in high aw 
heating medium following growth at 25°C (A) and 44°C (□). Control cultures were 
incubated at 37°C (■). Error bars represent standards deviation of mean data (n = 3).
Heating at 6(f C:
The picture was similar with heating at 60°C. The inactivation rate of Salmonella cells grown 
at 25°C was increased at both aw values and too rapid to determine an accurate D6o value 
indicating significant decrease in heat resistance.
With Salmonella cells grown at 44°C there was a slight but statistically non-significant (P > 
0.05) increase in D6o value (Table 5.1; Figure 5.4 and Figure 5.5). the increase was more 
pronounced when cells were heated in the high aw medium.
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Figure 5.4: Survival curves of Salmonella Typhimurium cells heated at 60°C in low aw 
heating medium following growth at 44°C (□). Control cultures were incubated at 37°C 
(■). Error bars represent standards deviation of mean data (n = 3).
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Figure 5.5: Survival curves of Salmonella Typhimurium cells heated at 60°C in high aw
heating medium following growth at 44°C (□). Control cultures were incubated at 37°C
(■). Error bars represent standards deviation of mean data (n = 3).
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5.3.2. Effect of habituation at low a w (0.95) on heat resistance of Salmonella 
Typhimurium heat treated at low and high aw
Stationary phase cultures of Salmonella Typhimurium were habituated at low water activity 
(aw ~ 0.95) at 21°C for up to 96 hours. This aw habituation level (0.95) has been reported to 
be the minimum level at which neither growth nor inactivation occur for up to 100 h (Mattick 
et al 2000b). Heat challenge was performed at 50°C and 60°C at low (0.94) and high (0.99) 
aw following habituation for 12, 24, 48 and 96 hours.
Habituation of Salmonella Typhimurium at low aw (0.95) resulted in a slight reduction in heat 
resistance at 50°C at low aw (0.94) (Figure 5.6). D value decreased from 39.1 min in the 
unhabituated control cells to 37.4, 31.6, 30 and 28.3 min following habituation for 12, 24, 48 
and 96 hour respectively (Figure 5.8). Despite increasing reduction in the heat resistance of 
Salmonella Typhimurium cells with the habituation period, all these reductions were not 
statistically significant (P > 0.05), compared to the non-habituated control.
When heated at high aw at 50°C Salmonella cells showed a similar but more pronounced 
pattern of decreasing heat resistance with the habituation period (Figures 5.7). Heat 
resistance at high aw heating conditions decreased significantly (P < 0.05) following 
habituation for 96 h in low aw (0.95) conditions. The D values after different habituation 
periods are summarized in Figure 5.8.
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Figure 5.6: Survival curves of Salmonella Typhimurium cells heated at 50°C in low aw 
heating medium following habituation at low aw (0.95) at 21°C for 12 h (A), 24 h (♦), 
48 h (□) and 96 h (A). Closed squares (■) represent the control. Error bars represent 
standards deviation of mean data (n=3).
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Figure 5.7: Survival curves of Salmonella Typhimurium cells heated at 50°C in high aw 
heating medium following habituation at low aw (0.95) at 21°C for 12 h (A), 24 h (♦), 
48 h (□) and 96 h (A). Closed squares (■) represent the control. Error bars represent 
standards deviation of mean data (n=3).
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Figure 5.8: Inactivation rates for Salmonella Typhimurium at 50°C at low (o, 0.94) and high 
(•, 0.99) aw, following habituation at aw 0.95 at 21°C for different periods prior to heat 
treatment (n = 3).
With 60°C heating, habituation to low aw decreased the heat resistance both at high and low 
aw, but the situation was reversed compared with 50°C. In this case the decrease was greater 
with low aw heating (Figures 5.9-5.11). Heating at low aw (0.94) (Figure 5.9) following 
habituation for > 24 h resulted in a significant (P < 0.05) reduction in heat resistance. A 
significant reduction in the cells’ heat resistance at high aw was observed only after 
habituation for 96 h (Figure 5.10). The D value results for different habituation periods are 
summarized in Figure 5.11.
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Figure 5.9: Survival curves of S. Typhimurium cells heated at 60°C in low aw heating 
medium following habituation at low aw (0.95) at 21 °C for 12 h (A), 24 h (♦), 48 h (□) 
and 96 h (A). Closed squares (■) represent the control. Error bars represent standards 
deviation of mean data (n=3).
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Figure 5.10: Survival curves of S. Typhimurium cells heated at 60°C in high aw heating 
medium following habituation at low aw (0.95) at 21 °C for 12 h (A), 24 h (♦), 48 h (□) 
and 96 h (A). Closed squares (■) represent the control. Error bars represent standards 
deviation of mean data (n= 3).
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Figure 5.11: Inactivation rates for Salmonella Typhimurium at 60°C at low (o, 0.94) and high 
(•, 0.99) aw, following habituation at aw 0.95 at 21°C for different periods prior to heat 
treatment. Error bars represent standards deviation of mean data (n = 3).
5.3.3. Effect of growth medium supplemented with betaine on heat resistance of 
Salmonella Typhimurium at 50 °C and 60°C at low and high aw
When Salmonella Typhimurium cells were grown for 24 h at 37°C in nutrient broth 
supplemented with glycine betaine (10 mmol f 1), they showed no significant change in heat 
resistance at 50°C at both aw heating conditions compared with cells grown in nutrient broth 
alone (Figures 5.12 and 5.13). This was also observed also at the higher heating temperature 
(60°C) when betaine in the growth medium gave no significant difference in heat resistance 
(Figures 5.14 and 5.15).
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Figure 5.12: Survival curves of Salmonella Typhimurium grown in normal NB (■), and NB 
supplemented with betaine hydrochloride (10 mmol I'1) (□) before heat treatment at 
50°C at low aw. Error bars represent standards deviation of mean data (n = 3).
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Figure 5.13: Survival curves of Salmonella Typhimurium grown in normal NB (■), and NB
supplemented with betaine hydrochloride (10 mmol I’1) (□) before heat treatment at
50°C at high aw. Error bars represent standards deviation of mean data (n = 3).
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Figure 5.14: Survival curves of Salmonella Typhimurium grown in normal NB (■), and NB 
supplemented with betaine hydrochloride (10 mmol I'1) (□) before heat treatment at 
60°C at low aw. Error bars represent standards deviation of mean data (n = 3).
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Figure 5.15: Survival curves of Salmonella Typhimurium grown in normal NB (■), and NB
supplemented with betaine hydrochloride (10 mmol I’1) (□) before heat treatment at
60°C at high aw. Error bars represent standards deviation of mean data (n = 3).
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Effect of the addition of betaine (10 mmol I'1) to the heating media instead of growth media 
was examined (Figure 5.16). Repeatedly, a similar pattern was observed, and Salmonella 
Typhimurium cells heated in betaine supplemented nutrient broth following growth in non 
supplemented medium showed decreased, but not statistically significant (P > 0.05), heat 
resistance as reflected in 9.6 % and 9.2 % reduction in D values at high and low aw heating 
conditions respectively.
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Figure 5.16: Survival curves of Salmonella Typhimurium grown in normal NB before heat 
treated at 50°C at high aw (□) and low aw (A) medium supplemented with betaine 
hydrochloride (10 mmol I'1). Closed symbols represent the control (not supplemented 
heating media). Error bars represent standards deviation of mean data (n = 3).
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5.4. Discussion
Effect o f srowth temperature:
Salmonella Typhimurium cells grown at the sub-optimal temperature of 25°C, showed a 
considerable reduction in heat resistance at both heating temperatures (50° and 60°C) 
regardless of the water activity level of the heating medium. In agreement with this 
observation but with a lower habituation temperature, Humphrey (1990) found that storage of 
Salmonella Enteritidis PT4 cultures at either 4°C or 8°C prior to heating at 55°C and 60°C 
significantly increased heat sensitivity. The effect was apparent after 4-7 h and was more 
pronounced with cultures held at the lower temperature and in the cultures heat treated at 
60°C rather than 55°C.
The significant (P < 0.05) decrease in heat resistance observed in our study and by others 
possibly resulted from the increased fluidity of the cell membrane which has been reported to 
occur in response to cooler growth conditions (Russell et al. 1995). Bacterial cells have been 
reported to modulate membrane fluidity in response to low temperature conditions by 
altering their fatty acid composition (e.g., increase unsaturation fatty acids) or by other 
strategies including altering the lipid head group, the membrane protein content and the fatty 
acid chain length (Cullen et al 1971; Chintalapati et al 2004). It is possible that the low 
temperature growth resulted in more unsaturation in the membrane fatty acids which 
increased membrane fluidity and consequently increased heat sensitivity (i.e. reduced the 
temperature at which membrane integrity was lost). Based on this assumption, less sublethal 
membrane injury had occurred and this is reflected in the marginalisation of aw effect. In the 
same way cells grown at 44°C showed increased effect of low aw heating (Table 5.1)
104
Chapter 5 Effect o f  pretreatment conditions on low aw heating
compared with the control. This might be attributed to increased rigidity of the cell 
membrane. Perhaps, due to an increase of saturated fatty acids, greater overall heat stability 
in the membrane but increased sublethal damage.
In contrast to growth at 25°C, growth at the near maximum growth temperature (44°C) 
showed a reproducible increase in heat resistance at 50°C or 60°C at high aw, and, to a lesser 
extent, low aw. This increase was only statistically significant (P < 0.05) when heating at 
50°C at high aw; the conditions which gave best overall survival. A possible explanation for 
the failure to see a marked effect is that these were stationary phase cells, a state that would 
already maximize their heat resistance (Dodd and Aldsworth 2002). Xavier and Ingham 
(1997) have reported a significant effect of increased growth temperature with early 
stationary phase culture of Salmonella Enteritidis where growth at 42°C for 60 min increased 
heat resistance. The same pattern has been reported with a food sample. A stationary phase 
four-strain cocktail of Escherichia coli 0157:H7 was inoculated in beef gravy or ground beef 
samples and given a sublethal heat treatment at 46°C for 15-30 min before heat treatment at 
60°C. Heat shocked cells had a higher heat resistance than non heat shocked samples (Juneja 
et al. 1998). Increased heat resistance following sublethal heat treatment is possibly related to 
induction of heat shock proteins. An increase of two types of these proteins namely GroEL 
and DnaK were reported following heat shock for 25 min at 46°C (Juneja et al. 1998).
Effect o f habituation at low aw:
Effect of habituation of Salmonella Typhimurium cells at low aw (0.95) at 21°C for 12, 24, 48 
and 96 hours on the cells heat resistance at 50°C and 60°C was investigated. Most of the 
habituation studies have used this level of aw (0.95) since it is the lowest aw at which
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habituation can proceed for >100 h without significant cell inactivation or growth (Mattick 
et al. 2000b). Incubation at 21°C rather than the normal incubation temperature of Salmonella 
(~ 37°C) has been demonstrated to enhance viability of this organism at the aw habituation 
level used in this work (Mattick et al 2000a). In previous studies, exposure to low aw 
medium was found to increase subsequent heat resistance in a number of bacteria, including 
Salmonella (Mattick et al. 2000b), E. coli and Pseudomonas fluorescens (Calhoun and 
Frazier 1966).
In this work, however, habituation at low aw resulted in consistent reduction in D50 values 
with the incubation time indicating a sensitising effect of the habituation. This reduction was 
veiy apparent with high aw heating medium. The D50 values after different habituation 
periods are summarized in Figure 5.8. From the Figure, it is apparent that the D value for low 
aw did not change significantly as the length of habituation increased. This is perhaps not 
what we would expected since habituated cells would be more osmotically balanced with low 
aw heating medium. For higher aw heating, the D 50 value decreases with length of habituation 
and approaches that observed with low aw heating (Figure 5.8). This suggests that after 
habituation membrane injury during heating at high aw results in cell death possibly reflecting 
a greater osmotic imbalance after habituation.
At 60°C habituation did not change the D value at high aw while at low aw it decreased 
slightly (Figure 5.11). At this heating temperature (60°C), D values do not become equal after 
96 h as seen with 50°C heating.
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Mattick et al. (2000b) found that effect of habituation differed depending on the heating 
temperature. Habituation had no effect when the cells were heated at 60°C. At 54°C heating, 
however, in contrast to our own observations, they found marked increase in Salmonella heat 
resistance and cells habituated at reduced aw (aw 0.95) for 12 h prior to heat challenge at 54°G 
has been found to increase its heat resistance more than fourfold.
In the present work, when heating at high aw at 60°C, the effect of habituation was less 
pronounced than low aw heating medium. D6o values at high aw heating condition following 
habituation for 12, 24 and 48 h was not significantly different (P > 0.05) from the control, 
whereas with low aw heating, a significant reduction in D6o values was observed after 24 h of 
habituation. In direct contrast with these observation, Shebuski et al. (2000) reported that 
habituation of mid logarithmic phase culture of Staphylococcus aureus at low aw (0.94) has 
been reported to increase the resistance of this bacterium towards subsequent heat treatment 
(60°C) at low aw but not at high aw conditions.
Previous studies reported induction of the sigma factor (RpoS) by osmotic shock using 
solutes such as sodium chloride, sucrose, glycerol and lactose (Hengge-Aronis et al 1993; 
Aldsworth et al. 1998a). This would result in increased heat resistance. However, in 
stationary phase, cells’ RpoS is already induced (Hengge-Aronis et al. 1991). The increased 
heat resistance of stationary phase in Salmonella cells habituated to low aw noted by Mattick 
et al. (2000b) was shown not to be due to RpoS induction. Our results are in direct contrast 
with those reported by Mattick et al. (2000b). We showed either a decrease or no change in 
heat resistance depending on the length of habituation and the heating condition.
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Effect o f betaine addition'.
Under osmotic stress conditions bacterial cells have been reported to respond by either 
synthesis or take up of specific compatible solutes from the surrounding medium (Csonka et 
al. 1994; White 1995; Poolman et al. 2002). These solutes include glycine betaine 
(Lerudulier and Bouillard 1983; Ghoul et al. 1990). Addition of glycine betaine (10 mmol I'1) 
to a low aw culture of Enterobacter sakazakii has been reported to strongly enhance growth 
(Breeuwer et al. 2003), and presence of this solute at 1 mmol T1 has also been reported to 
stimulate the growth rate of Escherichia coli, Salmonella Typhimurium and Klebsiella 
pneumoniae grown in stressful low aw media (Lerudulier and Bouillard 1983). In the present 
work, supplementing growth medium (optimal aw) with 10-mmol f 1 of glycine betaine did not 
affect subsequent heat resistance at both aw at 50°C and also at 60°C.
In retrospect it would have been interesting to grow the cells at low aw in the presence of 
glycine betaine and investigate its effect on heat resistance. Using defined medium instead of 
NB might be also needed as the later already contains traces of GB.
Since cells would naturally tend to accumulate the compatible solute only under osmotic 
stress situations (but not at optimal aw growth values), glycine betaine (10 mmol T1) was 
included in the heating medium (low and high aw) rather than growth medium. In this case, 
we expected an enhancement of heat resistance in Salmonella cells at low aw where 
accumulating of such solute is required to counter the up-shift of the osmotic pressure. 
Interestingly, supplemented heating medium did not affect the cells’ heat resistance.
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Absence of the effect from glycine betaine might reflect the kinetics of its uptake which 
might be slower than the cell death rate particularly at 60°C. It might also be due to the fact 
that the inactivation was not a result of osmotic stress damage that has been reported to be 
reduced by glycine betaine. Volker et al. (1999) reported that the addition of glycine betaine 
to Bacillus subtilis culture medium did not protect heat-damaged cells. They suggested, 
therefore, that heat and osmotic stress caused distinctively different types of damage. On the 
other hand, the absence of any effect observed in this work might be related to this particular 
osmoprotectant. Shebuski et al. (2000) reported that the heat resistance of Staphylococcus 
aureus cells grown in low aw medium supplemented with glycine betaine was reduced 
approximately 100-fold when compared to cultures grown in the same medium containing 
proline or no added compatible solute. They concluded that the identity of the accumulated 
compatible solute within cells grown at low aw might influence the heat resistance of 
Staphylococcus aureus. In another study, Fletcher and Csonka (1998) reported that low aw 
growth medium increased the heat resistance of Salmonella Typhimurium, but, this increase 
was completely abolished by the addition of glycine betaine to that medium.
The main findings in this chapter are:
Effect o f growth temperature:
• Heat resistance of Salmonella Typhimurium decreased significantly following growth 
at 25°C prior to heat treatment at 50°C and 60°C at high and low aw.
• Elevated growth temperature (44°C) resulted in a reproducible but not significant (P > 
0.05) increase in Salmonella heat resistance at 60°C at both aw values and at 50°C at
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low aw. High aw heating resulted in significant (P < 0.05) increase in the cells’ heat 
resistance at 50°C.
Effect o f habituation at low av,:
• Exposing Salmonella cells to 50° and 60 °C following habituation at low aw resulted 
in either decrease or no change in heat resistance depending on the length of 
habituation and the heating condition
• Reduction in cells’ heat resistance at 50°C was always more pronounced when 
heating in high aw than low aw condition.
• D6o values at high aw heating condition following habituation for 12, 24 and 48 h was 
not significantly different (P > 0.05) from the control. Whereas at low aw heating, 
significant reduction in D6o values observed after 24 h of habituation.
Effect o f betaine addition:
• Supplementing growth medium (optimal aw) with 10 mmol T1 of glycine betaine 
before heat treatment at both aw at 50°C and 60°C was not significantly effective on 
Salmonella heat resistance. Relative (P > 0.05) decrease of heat resistance was 
observed at 50°C at both aw heating media.
• Addition of glycine betaine to the heating medium resulted in non significant (P > 
0.05) decrease in heat resistance of Salmonella cells heat treated at both aw levels.
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Chapter 6 
Investigation of Biosynthetic Requirements for Repair ofC * ¥  JL Ml
Membrane Damage in Heat Treated Salmonella Typhimurium at 
Low and High aw
6.1. Introduction
Sublethally injured cells have potential consequences for food safety as they may become 
undetectable using selective media (Patterson and Kilpatrick 1998) but retain the ability to 
recover under certain conditions. However, as the cellular site of injury in stressed microbial 
cell may differ between cells and the type of stress, different repair conditions might be 
necessary (Hurst 1977).
Understanding the way in which heat injured cells can recover is vital to allow food 
processors design optimal conditions that ensure food safety through preventing repair of 
injured cells and possible subsequent growth. Identifying the molecular target of the injury is 
critically important as it is sensible to assume that if the injury target is the same for different 
treatments, then, the same conditions for repair will be required (Hurst 1977).
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Damage to the outer and cytoplasmic membrane of the bacterial cell has been well 
established as an important injury target following a variety of stresses including heat stress, 
freezing, freezing-thawing and high hydrostatic pressure (Calcott and Macleod 1975; Hurst 
1977; Mackey et al. 1991; Abee and Wouters 1999; Pagan and Mackey 2000). Membrane 
injury can be identified by the increased sensitivity of the cell to different chemical 
compounds in recovery media (Brashears et al. 2001) such as nisin and deoxycholate in the 
case of the outer membrane and NaCl for the cytoplasmic membrane (Endo et al. 1987; 
Boziaris et al. 1998; Mackey 2000). Once repair has taken place injured cells regain their 
ability to grow in recovery medium containing these compounds (Tomlins and Ordal 1971; 
Chilton etal. 2001).
The biosynthetic requirements for repair of injury can be deduced indirectly through 
supplementing the recovery liquid medium with specific inhibitors known to prevent or 
interrupt certain metabolic activities such as sodium azide, penicillin G, chloramphenichol, 
cerulenin and rifampicin which are used to affect the energy metabolism, peptidoglycan 
synthesis, protein synthesis, lipid synthesis and RNA synthesis respectively (Ray and Speck 
1972; Chilton etal. 2001; Garcia et al. 2006).
Chloramphenicol binds to the 5 OS ribosomal subunit resulting in inhibition in the bacterial 
protein synthesis (Nierhaus and Nierhaus 1973), whereas rifampicin inhibits DNA-dependent 
RNA polymerase enzyme and RNA synthesis by blocking the translocation step which 
normally follows the formation of the first phosphodiester bond (McClure and Cech 1978; 
Butler and Chamberlin 1982). Sodium azide interferes with energy metabolism through its
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ability to inhibit ATPase activity thus blocking ATP synthesis during oxidative 
phosphorylation (Noumi et al. 1987).
The aim of this work was to examine the requirements for energy metabolism, protein 
synthesis and RNA synthesis for repair of outer membrane and cytoplasmic membrane 
damage in Salmonella Typhimurium cells heat treated at 50°C and 60°C in low and high aw 
conditions. This was achieved using inhibitors sodium azide for energy metabolism, 
chloramphenicol for protein synthesis and rifampicin for RNA synthesis, in a recovery 
medium for heated cells.
6.2. Materials and Methods
6.2.1. Preparation of Salmonella Typhimurium culture
S. Typhimurium culture was prepared as previously described in Chapter 2.
6.2.2. Heat challenge, measurement of sublethal injury and its repair
Low aw heating medium was prepared using NaCl. Heat treatment at 60°C and 50°C of 
Salmonella Typhimurium cells in low and high aw was performed as described in Chapter 2. 
One ml samples were removed from the heating menstruum after 30 sec or 20 min of heating 
at 60°C or 50°C respectively and transferred to sterile NB before incubating the cultures at 
37°C. Where indicated, sodium azide (500 pg/ml) (Sigma, St. Louis, MO, USA) for energy 
metabolism, chloramphenicol (100 pg/ml) (Sigma, Deisenhofen, Germany) for protein
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synthesis, or rifampicin (10 pg/ml) (Sigma, Deisenhofen, Germany) for RNA synthesis were 
added to the NB recovery medium to investigate the metabolic requirements for repair of 
both membranes.
Samples were removed from the recovery media containing inhibitors at predetermined 
intervals and plated on NA alone (non-selective medium) for recovery of (total damaged and 
undamaged) survivors, XLD for recovery of survivors with undamaged outer membranes, or 
NA containing NaCl (4 % w/v) for recovery of survivors with undamaged cytoplasmic 
membranes. The NaCl concentration (4%) was the maximum non-inhibitory level for 
uninjured Salmonella Typhimurium as determined previously (Chapter 4). The number of 
sublethally damaged membrane cells was estimated by calculating the difference between the 
number of CFU on NA and XLD (outer membrane damage) or NA plus salt (cytoplasmic 
membrane damage).
6.2.3. Enumeration procedures and statistical analysis
Plating, incubation conditions, enumeration procedures and statistical analysis of the data 
were performed as described in Chapter 2.
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6.3. Results
6.3.1. Biosynthetic requirements for membrane repair of Salmonella 
Typhimurium following heat treatment at 60°C in low and high aw
In the absence of all metabolic inhibitors, repair of cytoplasmic membrane injury in cells 
surviving heating at 60°C at high aw was complete within 9 hours (Figure 6.1a). At this time 
there was no significant difference between counts on NA and NA + 4%  salt. However, cells 
surviving heating at low aw at the same temperature (Figure 6.1b) had less cytoplasmic 
membrane injury overall but recovery was still not complete after 9 hours. The level of CM 
damage among survivors remained relatively constant during the 9 hours recovery. The 
inability to repair as quickly suggests that at low aw injury is occurring at other sites in the 
cell and this impedes repair of the cytoplasmic membrane.
The situation with the outer membrane is less clear. Considerable repair does occur but is still 
incomplete in the low aw heated cells after 9 hours. This is reflected by the one log cycle 
difference between XLD and NA counts after 9 hours recovery compared to the initial 
difference of approx. 3 log (Figure 6.2b). On the other hand, in the high aw heated cells, 
repair of outer membrane damage did occur within 9 hours as the counts on XLD and NA did 
not differ significantly at this time (Figure 6.2a).
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Figure 6.1: Recovery of survivors of Salmonella Typhimurium heat treated at 60°C in high 
aw (A) and low aw (B) heating media for 30 sec before incubation for 9 h at 37°C in 
NB. Samples were removed for counting on NA (■) and NA + 4% NaCl (□). UT: 
untreated. Error bars represent standard deviation of mean data (n = 9).
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Figure 6.2: Recovery of survivors of Salmonella Typhimurium heat treated at 60°C in high 
aw (A) and low aw (B) heating media for 30 sec before incubation for 9 h at 37°C in 
NB. Samples were removed for counting on NA (■) and XLD (A). UT: untreated. 
Error bars represent standard deviation of mean data (n = 9).
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In the absence of inhibitors, cells from high aw heating were able to recover from both 
cytoplasmic and outer membrane injury in about 9 hours. When inhibitors of energy 
metabolism, protein synthesis or RNA synthesis were present in the recovery media only 
partial recovery of cytoplasmic membrane function occurred over this time. This was most 
pronounced in the case of chloramphenicol where inhibition of protein synthesis meant that 
approximately 90.2 % of cells still carried cytoplasmic membrane damage after 9 hours. 
Inhibition of RNA synthesis or ATP generation had a much less severe effect (Figures 6.3 
and 6.4).
In cells heated at 60°C at low aw, repair did not occur in the absence of inhibitors, and as 
would be expected, complete repair did not occur when inhibitors were present (e.g., Figure 
6.5). Counts for NA and NA + 4 % NaCl remained almost parallel over 9 hours.
Results on outer membrane repair show the necessity for RNA and protein synthesis for 
repair to occur (Figure 6.3). Inhibition of energy metabolism did not prevent repair of outer 
membrane damage in the case of high aw heating medium (Figure 6.4). Cells treated at low aw 
in the presence of sodium azide showed slow but incomplete repair as indicated by the 
significant difference (P < 0.05) after the recovery period (9 h) between counts of survivors 
plated on NA alone and XLD (Figure 6.5). This slow pattern in OM repair may not be 
attributed to the inhibition effect of sodium azide as it is similar to the slow repair which 
occurred in the absence of inhibitors after low aw heat treatment at 60°C.
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Figure 6.3: Repair of outer and cytoplasmic membranes damage of heat treated Salmonella 
Typhimurium at 60°C for 30 sec. in High aw media and incubated at 37°C for 9 h in NB 
+ rifampicin (A) and chloramphenicol (B) . Samples were removed for counting on 
NA (■) for damaged and undamaged both membranes survivors, XLD (A) for 
undamaged outer membrane survivors and NA + 4% NaCl (□) for undamaged 
cytoplasmic membrane survivors. UT: untreated. Error bars represent standard 
deviation of mean data (n = 3).
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Figure 6.4: Repair of outer and cytoplasmic membranes damage of heat treated Salmonella 
Typhimurium at 60°C for 30 sec. in High aw media and incubated at 37°C for 9 h in NB 
+ sodium azide. Samples were removed for counting on NA (■) for damaged and 
undamaged both membranes survivors, XLD (A) for undamaged outer membrane 
survivors and NA + 4% NaCl (□) for undamaged cytoplasmic membrane survivors. 
UT: untreated. Error bars represent standard deviation of mean data (n = 3).
In the presence of inhibitors, counts of survivors following heating at 60°C at high aw plated 
on NA alone (non-selective medium, ■) (e.g., Figures 6.3-6.5) remained relatively constant. 
There was no significant difference between initial counts and those at 9 hours. This shows 
that the concentration of inhibitors (sodium azide, rifampicin or chloramphenichol) used 
inhibited growth but did not kill the survivors during the 9 hours incubation.
This was not the case when heating at low aw at 60°C. Counts of survivors on NA (non- 
selective medium) remained constant in the presence of sodium azide (Figure 6.5) but
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decreased by about 1 log in the presence of rifampicin or chloramphenicol (Figure 6.6). The 
increased sensitivity of survivors recovered in presence of chloramphenicol or rifampicin 
following heating at low aw at 60°C suggests possible diversity of their injury compared with 
survivors of high aw at the same temperature (Figure 6.3 and 6.4) that showed constant counts 
during the 9 hours recovery.
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Figure 6.5: Repair of outer and cytoplasmic membranes damage of heat treated Salmonella 
Typhimurium at 60°C for 30 sec. in low aw media and incubated at 37°C for 9 h in NB 
+ sodium azide. Samples were removed for counting on NA (■) for damaged and 
undamaged both membranes survivors, XLD (A) for undamaged outer membrane 
survivors, and NA + 4% NaCl (□) for undamaged cytoplasmic membrane survivors. 
UT: untreated. Error bars represent standard deviation of mean data (n = 3).
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Figure 6.6: Effect of inhibitors of specific metabolic processes on recovery of heat treated 
Salmonella Typhimurium at 60°C for 30 sec in low aw media and incubated for 9 h at 
37°C in NB + chloramphenicol (■) or NB + rifampicin (A). Samples were removed 
for counting on NA. UT: untreated. Error bars represent standard deviation of mean 
data (n = 3).
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6.3.1. Biosynthetic requirements for membrane repair of Salmonella 
Typhimurium following heat treatment at 50°C in low and high aw
Heat treatment of Salmonella Typhimurium at 50°C at both aw levels gave better survival 
than at 60°C and less overall membrane damage as shown in Table 6.1.
Table 6.1: % of survivors with outer (OM) and cytoplasmic membrane (CM) damage of 
Salmonella Typhimurium cells after heat treatment at 60°C and 50°C at high and low 
aw.
60°C 50°C
% Damage High aw Low aw High aw Low aw
OM 60.5 99.9 32.8 85.1
CM 99.5 92.9 96.4 36.7
At both 50°C and 60°C survivors at high aw carried more cytoplasmic membrane damage 
than those treated at low aw, and the reverse was true for outer membrane damage where 
more occurred following low aw heat treatment (Figure 6.7). Incubation of survivors in 
recovery medium without inhibitors at 37°C resulted in complete recovery of the outer 
membrane in 1 hour and 3 hours following heat treatment at high and low aw respectively. 
Cytoplasmic membrane damage following heat treatment at low aw was slight and non­
significant (P > 0.05) and cells grew normally in recovery medium. This is consistent with 
the observation on lethality at low aw at 50°C where cytoplasmic membrane injury during 
heating resulted in cell death. Damage was more severe in cells heated at high aw and though 
considerable recovery did occur there was still a significant difference between counts on NA 
and NA plus salt after 9 h recovery time (Figure 6.7).
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Figure 6.7: Recovery of survivors of Salmonella Typhimurium heat treated at 50°C for 20 
min in high (A) and low (B) aw medium before incubation for 9 h at 37°C in NB. 
Samples were removed for counting on NA (■), NA + 4% NaCl (□) and XLD (A). 
UT: untreated. Error bars represent standard deviation of mean data (n = 9).
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In the presence of azide, cytoplasmic damage following treatment at 50°C at high aw was not 
repaired during the recovery period (9 hours) as occurred in absence of these inhibitors (e.g., 
Figure 6.8). However, the slight, non-significant (P > 0.05), OM damage following these 
treatment conditions was repaired completely within 1 hour in the presence of sodium azide, 
suggesting that any repair of OM damage that did take place was independent of energy 
metabolism.
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Figure 6.8: Repair of outer and cytoplasmic membranes damage of heat treated Salmonella 
Typhimurium at 50°C for 20 min in high aw media and incubated at 37°C for 9 h in NB 
+ sodium azide. Samples were removed for counting on NA (■) for damaged and 
undamaged both membranes survivors, XLD (A) for undamaged outer membrane 
survivors, and NA + 4% NaCl (□) for undamaged cytoplasmic membrane survivors. 
UT: untreated. Error bars represent standard deviation of mean data (n = 3).
As already noted, following low aw treatment outer membrane damage was markedly more 
than cytoplasmic membrane damage, and while the cells regained their outer membrane 
functionality within 3 hours (Figure 6.7B), repair was delayed by approximately a further 4
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hours in the presence of sodium azide (Figure 6.9). As it was not until after 7 hours 
incubation that there was no significant difference between counts in NA and XLD.
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Figure 6.9: Repair of outer and cytoplasmic membranes damage of heat treated Salmonella 
Typhimurium at 50°C for 20 min in low aw media and incubated at 37°C for 9 h in NB 
+ sodium azide. Samples were removed for counting on NA (■) for damaged and 
undamaged both membranes survivors, XLD (A) for undamaged outer membrane 
survivors, and NA + 4% NaCl (□) for undamaged cytoplasmic membrane survivors. 
UT: untreated. Error bars represent standard deviation of mean data (n = 3).
Rifampicin and chloramphenicol both proved lethal for survivors of 50°C heat treatments 
showing a reduction in viable numbers of more than 2 log cycles during the “recovery” 
period. Figure 6.10 shows this effect with survivors of the high aw treatment at 50°C. As a 
result, it was not possible to investigate repair of injured cells in the presence of these 
inhibitors.
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Figure 6.10: Effect of inhibitors of specific metabolic processes on recovery of heat treated 
Salmonella Typhimurium at 50°C for 20 min in high aw media and incubated for 9 h at 
37°C in NB + chloramphenicol (■) or NB + rifampicin (A). Samples were removed 
for counting on NA. UT: untreated. Error bars represent standard deviation of mean 
data (n = 3).
6.4. Discussion
As demonstrated previously in Chapter 3, heat treatment of S. Typhimurium at 50°C at low 
aw increased the death rate of Salmonella cells, whereas at 60°C, although death rates were 
much faster, reduced aw had a protective effect. Membrane damage and the sensitivity of 
damaged cells to low aw were found to be involved in the observed effect.
In the absence of all biosynthetic inhibitors, complete recovery of both membranes was seen 
following treatment at high aw at 60°C and low aw at 50°C. Interestingly, these were the
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conditions that gave greater lethality at their respective temperature. It also supports the 
observation in Chapter 4 where survivors of both these conditions showed shorter lag times 
than their counterparts indicating less injury.
In this work we have focused on cytoplasmic and outer membrane injury although injury can 
occur at a multitude of metabolic and structural sites. This is illustrated by the results at 60°C 
where cells heated at low aw had less cytoplasmic membrane injury but recovered from it 
more slowly than cells heated at high aw. Clearly other injury has occurred under these 
conditions which is affecting cytoplasmic membrane repair.
Evaluation of the biosynthetic requirements for repair of cytoplasmic membrane damage 
following heat treatment at 60°C at low aw conditions was inappropriate due to the fact that 
repair of this membrane fail to be completed during the 9 hours recovery time even in 
absence of inhibitors. However, following high aw treatment, results show that energy 
metabolism, protein synthesis and RNA synthesis activities are all required for repair of 
cytoplasmic membrane damage. This is consistent with the requirements for membrane 
repair after heat treatment of Salmonella Typhimurium 7136 at 48°C observed by Tomlins 
and Ordal (1971). These metabolic activities have also been observed to be required for 
repairing damaged CM in E. coli cells after treatment at high pressure (Chilton et al. 2001). 
In contrast, Garcia et al. (2006) demonstrated that repair of the CM in E. coli cells exposed 
to pulsed electric fields was not dependent on protein synthesis or RNA synthesis. Though, 
they found that the repair required energy.
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While repair of the outer membrane following heat treatment at 60°C at high aw was found to 
be dependent on protein synthesis and RNA synthesis, energy metabolism was not required. 
In their study of biosynthetic requirement for the repair of membrane damage in pressure- 
treated E. coli, Chilton et al (2001) found that repair of outer membrane damage occurred 
with no requirement for energy, protein synthesis or RNA synthesis. Based on their 
observation Chilton et al. (2001) suggested that repair of this membrane involves 
reorganisation and resealing of the membrane structure rather than synthesis of new 
components. Similarly, Ray and Speck (1972) found that freeze injured E. coli cells do not 
required protein synthesis or RNA synthesis to repair their damaged outer membrane, but the 
authors suggested that repair might dependent on ATP. It is probable that the OM injury 
resulting from heating at 60°C was more severe than that resulting from freeze injury or 
pressure treatment.
Heat treatment at 50°C at low aw resulted in no significant cytoplasmic membrane damage 
among survivors, presumably due to the fact that cells with damaged cytoplasmic membrane 
were killed during low aw heating conditions (Chapter 4). The significant CM damage after 
high aw heat treatment had not repaired after 9 hours recovery, making evaluation of the 
requirement for repair of cytoplasmic membrane damage impractical.
Although outer membrane damage was not significant at high aw at 50°C, survivors of low aw 
repaired their OM damage within 3 hours in the absence of inhibitors. Sodium azide 
postponed recovery for 4 hours implying a role for energy metabolism in recovery. This was 
not the case for outer membrane damage at 60°C at high aw (Figure 6.4) where repair of this
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membrane occurred independently from energy metabolism. Recovery of low aw heated cells 
was also similar regardless of the presence of azide.
Addition of chloramphenichol (100 pg/ml) or rifampicin (10 pg/ml) at the concentrations 
used throughout the present study to the recovery medium following heat treatment at 50°C 
resulted in more than 2 log reduction in survivors count when plated on the non-selective 
medium (NA), Figure 6.10 shows this effect on survivors after heating at 50°C at high aw. 
The increase sensitivity to these antibiotics suggests injury, possibly metabolic injury, at 
other sites. This increased sensitivity might be used as a probe for metabolic injury in future 
studies.
The main findings of this chapter are:
A t6(fC
• Repair of outer and cytoplasmic membrane injury in cells surviving heating at high aw 
was complete within 9 hours.
• Cells surviving heating at low aw had less cytoplasmic membrane injury overall than 
at high aw, but recovery of both membranes was still not complete after 9 hours, 
suggesting that injury to other sites was impeding repair. These cells were also more 
sensitive to refampicin and chloramphenicol.
• Repair of damaged cytoplasmic membrane in cells treated in high aw required energy 
metabolism, RNA and protein synthesis.
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• Damage of outer membrane in cells treated in high aw required RNA synthesis and 
protein synthesis for repair, but not energy metabolism.
At 5(fC
• Survivors of heating at low aw carry significant number of damaged outer membrane 
cells, but cytoplasmic membrane damage was not significant. And the reverse was 
true at high aw treatment.
9 Repair of OM following treatment at low aw required energy metabolism.
• Undamaged membrane survivors after heating were sensitive to chloramphenicol and 
rifampicin concentrations used in this study, suggesting possible injury at other sites.
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Chapter 7:
Effect of Low Water Activity (aw) on Heat Inactivation of 
Different Gram Negative and Gram Positive Bacteria
7.1 Introduction
The effect of low aw on heat resistance throughout the previous chapters was focused on only 
one foodbome pathogen namely Salmonella Typhimurium. Considering the diversity of 
pathogens reported to be associated with major food poisoning outbreaks worldwide, the 
necessity for broad spectrum view of how these microorganisms would respond to heat 
treatment under low aw conditions is warranted. Along with Salmonella, a number of 
different bacteria including Escherichia coli, Shigella, Staphylococcus aureus, Listeria 
monocytogenes are frequently reported in food poisoning outbreaks (Deibel and Silliker 
1963; File et al. 1995; Alwazeer et al. 2002; Ruegg 2003; HPA 2006). Some of these 
organisms such as L. monocytogenes and E. coli 0157:H7 pose an increasing threat due to 
the severity of symptoms associated with infection and the number of deaths that occur in 
infected patients (Ruegg 2003).
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A number of food spoilage organisms have also received a great attention, largely, due to 
their economic consequences. Many chilled food products, such as fish, are frequently 
reported to be contaminated with the G-ve spoilage organism; Pseudomonas. The ability of 
this bacterium to grow rapidly at chill temperature makes it the dominant microflora during 
chill storage (Gram 1993). Enterococcus, one of the most thermotolerant non-sporulating 
bacteria, has been reported to cause spoilage to a variety of raw and even processed meat and 
cheese products (Franz et al. 1999).
The aim of this Chapter was to examine the effect of low aw heating medium on heat 
resistance at 50°C and 60°C on three Gram negative bacteria namely E. coli 0157 (non 
pathogenic), Shigella sonnei and Pseudomonas aeruginosa, and four Gram positives S. 
aureus, Lactobacillus plantarum, Enterococcus faecalis and L. monocytogenes strain Scott 
A. The extent of membrane damage of Listeria monocytogenes following the above 
conditions was also investigated.
7.2 Materials and Methods
7.2.1 Preparation of the cultures
Bacterial strains were obtained from the University of Surrey collection. All the bacteria 
were stored frozen on plastic beads (Protect; Technical Service Consultants Ltd., Heywood, 
Lancashire, UK) at -80°C. For resuscitation, one bead was added to 10 ml of NB (Oxoid 
Ltd.) and incubated at 37°C for 24 ± 1 h. Streak plates were made on a nutrient agar (NA) 
plates before incubation for 24 h at 37°C. One colony was transferred to 10 ml NB for further 
incubation for 24 ± 1 h at 37°C (at 30°C for Listeria monocytogenes) to ensure viability.
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Cultures were then centrifuged (2900 g  for 25 min at room temperature) and centrifuged cell 
pellets were finally resuspended in 2 ml fresh NB before performing the heat challenge 
procedures. Instead of NB and NA, De Man Rogosa Sharpe (MRS, broth and agar; Oxoid 
Ltd, Hampshire, UK) and brain heart infusion (BHI, broth and agar; Oxoid Ltd, Hampshire, 
UK) were used for Lactobacillus plantarum and Listeria monocytogenes.
7.2.2 Maximum non-inhibitory concentration of NaCl on Listeria monocytogenes
Different concentrations of NaCl, 5%, 6% and 7% (w/v) were added to brain heart infusion 
agar. Media were then inoculated with 0.1 ml of untreated suspension of Listeria 
monocytogenes and aerobically incubated at 30°C for 48h. Colonies were then enumerated on 
the different media.
7.2.3 Heat challenge, enumeration procedures and statistical analysis
Heat challenge trials were performed at 50°C and 60°C in high (~ 0.99) and low aw (~ 0.94) 
heating media. Low aw heating medium was prepared using NaCl as described in Chapter 2. 
Samples were removed from the heating menstruum at both aw heating conditions at 
predetermined intervals. Plating, incubation conditions, enumeration procedures and 
statistical analysis of the data were performed as described in Chapter 2.
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7.3 Results
7.3.1 Effect of low aw on heat resistance in selected Gram negative bacteria
Lowering aw of the heating media resulted in a protective effect at 60°C in all three 
organisms; E. coli, S. sonnei and Ps. aeruginosa (Figures 7.1, 7.2 and 7.3). At 50°C, the 
effect was not consistent between organisms. While E. coli and Shigella showed increased 
sensitivity to this temperature at the low aw conditions, Pseudomonas cells were protected.
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Figure 7.1: D50 (A) and D60 (B) values of Escherichia coli heat treated at high (■) and low 
(■) aw. Error bars represent standards deviation of mean data (n = 2).
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S h i g e l l a
Figure 7.2: D50 (A) and D60 (B) values of Shigella sonnei heat treated at high (■) and low (■) 
aw. Error bars represent standards deviation of mean data (n = 2).
Pseudomonas Pseudomonas
Figure 7.3: D50 (A) and D60 (B) values of Pseudomonas aeruginosa heat treated at high (■)
and low (■) aw. Error bars represent standards deviation of mean data (n = 2).
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Although a protective effect of low aw conditions was observed with Pseudomonas 
aeruginosa at both temperatures, this protection was more pronounced at 60°C.
7.3.2 Effect of low aw on heat resistance in selected Gram positive bacteria
Gram positive bacteria examined in this work showed different responses to the low aw 
conditions of the heating media. Staphylococcus aureus and Lactobacillus plantarum 
experienced a protective effect of low aw at both temperatures (50°C and 60°C) (Figures 7.4 
and 7.5), although the effect was not significant (P > 0.05) for Lactobacillus plantarum at 
60°C. The most heat resistant organism, compared with other bacteria selected for this study, 
Enterococcus faecalis (Figure 7.6) showed a similar response to that observed in E. coli and 
Shigella (i.e., sensitising effect at 50°C and protective at 60°C). Interesting observations were 
found with Listeria monocytogenes. Heating the organism at 50°C at low aw resulted in a 
significant increase (P < 0.05) in the heat resistance, but the reverse was observed at 60°C 
where low aw condition resulted in a decrease in heat resistance, this decrease, however, was 
non significant (P > 0.05).
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Staph. Staph.
Figure 7.4: D50 (A) and D60 (B) values of Staphylococcus aureus heat treated at high (■) and 
low (■) aw. Error bars represent standards deviation of mean data (n = 2).
Lactobacillus
Figure 7.5: D50 (A) and D60 (B) values of Lactobacillus plantarum heat treated at high (■)
and low (■) aw. Error bars represent standards deviation of mean data (n = 2).
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Enterococcus Enterococcus
Figure 7.6: D50 (A) and D60 (B) values of Enterococcus faecalis heat treated at high (■) and 
low (■) aw. Error bars represent standards deviation of mean data (n = 2).
L isteriaL isteria
Figure 7.7: D50 (A) and D60 (B) values of Listeria monocytogenes heat treated at high (■) and
low (■) aw. Error bars represent standards deviation of mean data (n = 3).
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7.3.3. Determination of Maximum level of NaCl for growth of untreated Listeria 
monocytogenes
The maximum concentration of NaCl that allowed the growth o f Listeria monocytogenes was 
determined under optimal conditions. A healthy cell population o f L. monocytogenes was 
enumerated on BHI agar containing different levels o f salt (5%, 6 % and 7% w/v). As seen in 
Figure 7.8, the addition o f up to 6  % NaCl to the growth medium had no significant effect (P  
> 0.05) on the growth o f healthy cells. Therefore, this concentration (6 % NaCl) was used in 
subsequent experiments to detect cells retaining an undamaged cytoplasmic membrane.
O)o
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5% NaCl 6% NaClcontrol 7% NaCl
Figure 7.8: logio CFU /ml of different NaCl concentrations on the growth of untreated
suspension of Listeria monocytogenes. Error bars represent standards deviation of
mean data (n = 2).
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7.3.4. Determination of the extent of cytoplasmic membrane injury in Listeria 
monocytogenes following heat treatm ent at low aw
D value determinations were made at 50°C and 60°C using the selective enumeration medium 
(BHI + 6 % NaCl). The D values determined using this medium and BHI agar following 
heating in high and low aw media at 50°C and 60°C are shown in Figures 7.9, and 7.10. 
Cytoplasmic membrane was not the site of damage at 50°C (Figure 7.9) as indicated by the 
similar D values of the survivors obtained at each aw condition using BHI agar and the 
selective medium (BHI agar + 6 % NaCl). This finding suggests that the protective effect of 
low aw conditions at 50°C was independent from cytoplasmic membrane injury.
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Figure 7.9: D5o values of Listeria monocytogenes plated on selective (BHI + 6  % NaCl) and 
non-selective (BHI) media following heat treatment at high (■) and low (■) aw. Error 
bars represent standards deviation of mean data (n = 3).
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At 60°C, however, the picture was different. D6o value determined using BHI agar plus salt 
for high aw heating was lower than that determined using BHI agar alone. This indicates that 
under these heating conditions (high aw) many survivors had cytoplasmic membrane damage. 
This was not the case with low aw heating where D6o values calculated from the BHI agar and 
BHI agar plus salt counts were not significantly different (P > 0.05) indicating that survivors 
did not carry injury to their cytoplasmic membranes.
BHI BHI+NaCI
Figure 7.10: D6o values of Listeria monocytogenes plated on selective (BHI + 6 % NaCl) and 
non-selective (BHI) media following heat treatment at high (■) and low (■) aw. Error 
bars represent standards deviation of mean data (n = 3).
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7.4 Discussions
7.4.1. Effect of low aw on heat resistance in selected Gram negative and Gram 
positive bacteria
Our previous studies on Salmonella Typhimurium demonstrated that the low aw conditions 
increased heat resistance at 60°C but had the opposite effect at 50°C (Chapter 3). In this 
work, we widened the picture to cover three Gram negative and four Gram positive bacteria. 
The results here showed that, as a general rule, low aw conditions increased heat resistance at 
60°C in all the organisms covered in this study. The only exception was Listeria 
monocytogenes where low aw conditions resulted in non significant increase (P > 0.05) in 
sensitivity at this temperature (60°C).
The picture at 50°C was inconsistent. The Enterobacteriaceae, E. coli and S. sonnei behaved 
similarly to Salmonella while in the Gram positive group including Staphylococcus aureus, 
Lactobacillus plantarum and Listeria monocytogenes showed increased heat resistance at low 
aw. The Gram positive Enterococcus faecalis behaved like the Enterobacteriaceae while 
Pseudomonas aeruginosa behaved more like the other Gram positives.
Genetically related organisms are more likely to have the same response towards adverse 
conditions such as heat and osmotic stress (Johnson 2002) and phenotypic characteristics 
play an important role as well. Gram positive bacteria are known to have a greater rigidity of 
their envelopes which explain their higher resistance to the adverse conditions compared with 
Gram negative bacteria (Wood et al 2001; Manas and Pagan 2005). In this study, since
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E.coli and Shigella along with Salmonella belong to the same family (Enterobactereaceae) 
they showed similar response to the low aw heating conditions, whereas the response in the 
other Gram negative Pseudomonas differed. This organism, however, belongs to 
Pseudomonadaceae family. The fact that the organisms from the same family would have the 
same response to the low aw heating conditions could explain the observed variation in 
response to these conditions between the Gram positive group that examined in this study, 
since Staphylococcus aureus, Lactobacillus plantarum, Enterococcus faecalis and Listeria 
monocytogenes belong to different families namely Staphylococcaceae, Lactobacillaceae, 
Enterococcaceae and Listeriaceae respectively (Garrity et al. 2001). We propose therefore, 
that the same family relatedness rather than Gram stain determines the bacterial response to 
the low aw heat treatment and possibly to other stress conditions.
Across the Gram positives and Gram negatives it is however interesting that bile tolerant 
organisms behaved similarly i.e. Enterobactereaceae and Enterococcus.
7.4.2. The extent of cytoplasmic membrane injury in Listeria monocytogenes 
following heat treatment at low aw
Listeria monocytogenes is reported to maintain the turgor pressure of its cytoplasmic 
membrane over high NaCl concentrations reaching up to 7.5 % in the growth medium 
(Farber and Peterkin 1991; Patchett et al. 1992). In this study, supplementing BHI agar with 
up to 6 % NaCl had no significant effect (P > 0.05) on growth of untreated cells. The ability 
to grow in high concentrations of NaCl qualifies Listeria to survive in high salt content foods 
such as soft cheeses (Patchett et al. 1992; Wood et al. 2001).
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Unlike our previous observations on Salmonella (Chapter 3), results in this study show that at 
50°C the cytoplasmic membrane injury was not related to the improved viability of Listeria 
cells at low aw conditions. The different behaviour between the two organisms were not 
unexpected, as Gram positive bacteria are known to have increased membrane rigidity 
compared with Gram negatives (Manas and Pagan 2005). However, this is in contrast to the 
reported similar osmoregulation mechanism between E. coli and Listeria (Wood et al. 2001). 
An interesting observation seen at 60°C where low aw condition resulted in non significant 
increase (P > 0.05) in heat sensitivity. In this case, cytoplasmic membrane damage was found 
to be involved in the increased sensitivity as indicated by the correlation between damage to 
this membrane and the overall sensitivity. At high aw cells with damage to the cytoplasmic 
membrane survive heating at 60°C and can repair, but when heated in low aw medium the 
additional osmotic stress during heating results in cell death rather than sublethal injury. This 
explains the similar D6o values seen for cells recovered on BHI agar and BHI agar plus salt 
from low aw heating media (Figure 7.10). These observations at 60°C are similar to that 
observed on Salmonella but at low temperature (50°C) which possibly attributed to the higher 
membrane rigidity of Listeria cells being a Gram positive organism, as mentioned above, 
compared with Salmonella.
The main findings in this chapter are:
Effect o f low aw heatinc on a number o f G-ve and G+ve bacteria
• Heating E. coli and Shigella sonnei at low aw resulted in increased sensitivity 
at 50°C, but increased resistance at 60°C. However, Pseudomonas aeruginosa 
showed increased heat resistance at both temperatures.
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• At 50°C, Staphylococcus aureus, Lactobacillus plantarum and Listeria 
monocytogenes experienced a protective effect at low aw conditions. 
However, Enterococcus faecalis became more sensitive.
• Heating at higher temperature (60°C) at low aw increased heat resistance of 
Staphylococcus aureus, Lactobacillus plantarum and Enterococcus faecalis 
cells, but not Listeria monocytogenes.
• Despite the overall higher heat resistance in Gram positive compared with 
Gram negative, members from the same family respond similarly to the low 
aw heating conditions regardless of their Gram stain classification.
• The bile tolerant organisms (Enterobactereaceae and Enterococcus) behaved 
similarly.
Extent o f CM injury in heat treated L. monocvtosenes at low aw
• The maximum non-inhibitory concentration of NaCl to growth of healthy 
Listeria monocytogenes is 6 % w/v.
• Using selective enumeration media to determine injury, at high heating 
temperature (60°C), Listeria monocytogenes cells survived at high aw with 
cytoplasmic injury whereas in low aw heating media these cells were killed.
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Chapter 8 
Concluding Remarks
8.1. Low aw Heating in Combating Pathogens
A multifactorial approach has been increasingly considered as a promising food preservation 
tool that meets consumers’ demand for more natural foods but retaining at the same time 
their microbiological safety (Leistner and Gould 2002). This combined effect of several 
relatively mild processing techniques is frequently reported to offer the desired shelf life and 
safety properties. A notable exception to the enhanced antimicrobial activity generally seen 
with combination treatments is the combined effect of reduced water activity (aw) and heat 
inactivation where it is generally held that heat resistance or survival increases as aw of the 
environment is decrease (Goepfert et al 1970; Gibson 1973; Christian 2000)
Using Salmonella which (with Campylobacter) is regarded as the leading bacterial foodbome 
pathogen (Takahashi et al 2004), an essential element was the emphasis that low aw heating 
would not always result in increase of heat resistance. The effect of low aw on heating was 
found to be temperature dependent. Throughout the present project we consistently proved
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that low aw (0.94) heating media results in an increase of Salmonella heat resistance at 60°C, 
but the reverse effect at 50°C.
The observed different effect of low aw heating conditions reflects the diversity of molecular 
sites of injury that leads to Salmonella inactivation. Membrane damage and ribosomes are 
main targets in which their injury leads to the cells inactivation at 50°C and 60°C 
respectively. This effect of low aw heating per se cannot be generalised to other pathogenic 
bacterial types. Perhaps due to the multiplicity of the molecular injury sites for any given 
organism. It is interesting however that both Gram negatives and Gram positives of enteric 
origin displayed the same behaviour.
A number of essential measures need to be considered when studying the effect of osmotic, 
heat or any other stresses. These measures include the awareness of pre-history of the 
organism such as growth temperature and the composition of the media which may play an 
important role in the increase resistance or possible activity of biosynthetic metabolisms 
leading to recovery of injured cells. Such considerations are vitally important to be accounted 
when designing food safety programmes.
148
Chapter 8 Concluding remarks
8.2. Future Work
The different effect of low aw on heat resistance of Salmonella Typhimurium that observed in 
the present project can be extended to cover different levels of aw which would reflect the aw 
diversity nature of foods.
More understanding of the possible sites and nature of injury following low aw heating is 
warranted. In this study we investigated the membrane damage indirectly using selective 
media (by addition of NaCl). The integrity of membrane can be examined by measuring 
potassium ions leakage which is regarded as the first indication of membrane injury (Russell 
and Chopra 1990). Outer membrane damage can also be examined using the fluorescent 
probe 1-7V-Phenylnaphthylamine (Loh et al 1984).
Further investigation of biosynthetic requirements for repair of membrane damage can be 
performed to see the involvement of other metabolic activities such as peptidoglycan and 
lipid synthesis using penicillin G and cerulenin respectively (Garcia et al 2006).
We investigated the effect of glycine betaine in high aw growth media, but it would be very 
interesting to study the effect of the presence of this osmoprotectant in low aw growth media 
on the heat resistance. We could also use a mutant strain to investigate that effect.
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Studying the effect of low aw heating under different pH values would enhance the practical 
reliability of results due to the importance and interaction of this factor with low aw provided 
that pH values of different foods differ.
Finally, It would be very interesting to study low aw heating effect in real foods, although this 
is likely to be technically difficult.
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